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S Y N 0 PSI S 
The two elements of a tender sum are the cost estimate and the 
mark-up. Variations in tenders can be attributed to inaccuracy 
in the estimate and variations in the applied mark-up. The 
weaknesses of current published literature are that the causes of 
the inaccuracy in the estimate or the variability in a mark-up 
are not defined in such a way that they can be analysed and 
evaluated. The inaccuracy of a cost estimate results from 
combining the inaccuracy of its constituent elements. Thus the 
inaccuracy of each element needs to be evaluated. The 
consequences of estimating inaccuracy and mark-up variability are 
inadequately described in current literature, which tends to 
assume that mark-up variability is negligible. 
This research addresses these weaknesses. Firstly, tender 
variability was broken down into estimating inaccuracy and mark-
up variability. These two variables were then sub-divided into 
their constituent elements. The elements of estimating 
inaccuracy are the inaccuracies arising from the estimates of 
all-in labour rate, all-in plant rate, labour productivity, 
plant productivity, materials costs, sub-contractors costs, and 
site overheads. The elements of mark-up variability are the 
variability arising from the assessments of overheads, risk, and 
profit. 
Secondly, eor each constituent element of a cost estimate the 
factors that cause variability in the estimate of this element 
were defined and a computer model to evaluate the inaccuracy of 
the element estimate was constructed. Each model, for each 
element, is capable of calculating the cost estimate of the 
element and evaluating the level of inaccuracy of its estimated 
cost. The variability leading to the estimating inaccuracy in 
the element's cost estimate was evaluated for: each factor; each 
group of factors; and for the effect of all the factors together. 
Thirdly, The evaluated inaccuracies of 
elements are then combined and the overall 
the total cost estimate is evaluated. 
all the constituent 
level of inaccuracy of 
Fourthly, The "Break-Even Mark-Up" theory, which is traditionally 
used to study the consequences of estimating inaccuracy, is 
critically reviewed and modified. A new factor "Mark-Up 
Variability" is introduced and all-inclusive formulae are derived 
to quantify the combined effect of estimating inaccuracy, mark-up 
variability, average applied mark-up and number of competitors. 
The consequences of estimating inaccuracy and mark-up variability 
on the expected value of winning bid and on the average achieved 
mark-up of the winning bid are quantified. 
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1.1 BACKGROUND 
In the construction industry, whilst there has been a 
gradual extension of "package deals" and negotiated 
contracts, the tendering system with closed bids is still 
predominant (1,2,3,4& 5). Construction companies which bid~ 
competitively should analyse their competitive situation in 
order to make knowledgeable business decisions. The more 
they understand their competitive environment, the better 
they can func t ion (6,7,8). 
Clearly, the price bid is not only of critical importance to 
the survival of the construction firm, but is also a tricky 
process calling for considerable judgement. A bidder must, 
first of all, develop a good estimate of the actual costs of 
construction, properly accounting for all the uncertainties 
in the price of labour, plant, materials, sub-contractors, 
the quantities required, labour and plant productivity, and 
the difficulties in executing the work. To obtain a 
worthwhile contract, the contractor must in addition predict 
his competitors' behaviour and should do so at the least 
cost to himself. When he bids much lower than his rivals, 
he obtains the contract, but has to fulfil it at a price far 
lower than necessary. If his bid is too high, he fails to 
get the contract and loses the time and money spent on 
preparing the proposal and may ultimately be driven out of 
business. A good bid will both allow for a decent profit and 
yet be fractionally less than any others. Striking this 
balance is far from easy. 
The literature in the last 30 years contains much written 
work on: bidding problems; different bidding models; the 
importance of estimating inaccuracy and revised bidding 
models to take estimating inaccuracy into consideration. 
However, despite the 500 references listed by Stark and 
Rothkopf (9) in 1979, there is at present little progress 
towards a generally agreed approach which is relevant and 
practical. On the contrary there are many approaches some 
of which provide rather limited theoretical insights and 
others which are based on dubious assumptions. 
Furthermore, despite the inevitable inaccuracy which exists 
in all cost estimates, the estimating process is carried 
out as if it were a precise science. All estimating 
reference books such as (10,11.12,13,14,15,16,17) are 
virtually silent on the subject of any quantitative measure 
of precision. Current published work do not explain an 
explicit and correct method of evaluating estimating 
inaccuracy. The work of Grinyer and Whittaker (1), McCaffer 
(5), Can (8), Whittaker (18), Gates and Scarpa (19) and 
Abdel-Razek (20) is important in that they recognise the 
significant effect of estimating inaccuracy on competitive 
bidding models and on the average achieved mark-up of 
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contracting firms. Nevertheless, in order to consider the 
uncertainty of the cost estimate an accurate method to 
evaluate estimating inaccuracy is needed. Neither their work 
nor any other published work have done that. 
The literature in this field thus has two major weaknesses: 
a) There is not an explicit, accurate analysis in which 
the level of estimating inaccuracy can be evaluated. 
b) There is not an explicit, accurate analysis in which 
the combined effect of estimating inaccuracy and 
mark-up variability on a contractor average achieve 
mark-up can be evaluated. 
This research addresses these two major problems. 
1.2 OBJECTIVES 
Against this background the most obvious conclusion is that 
some completely new approaches are required. The two 
elements of a tender sum are the cost estimate and the mark-
up. Variations in tenders can be attributed to inaccuracy 
in the estimate and variations in the applied mark-up. One 
of these approaches, therefor, is to analyse the variability 
of cost estimates and develop a method in which the 
inaccuracy of a contractor's cost estimates can be eval-
uated. Hence the main objectives of this research were to: 
a) Explore bidding theories. 
b) Analyse, examine and define the causes of tendering 
variability. 
c) Divide bid~ng variability into estimating inaccuracy and 
mark-up variability. 
d) Break down cost estimates and mark-ups into their 
constituent elements. 
e) Analyse each of the elements in d) to define the factors 
affecting the level of inaccuracy of its estimate. 
f) Construct a model for each constituent element of the 
cost estimate capable of: 
i) calculating the estimated cost of the element; 
ii) evaluating the effect of inaccurate estimate of 
each factor involved in the calculation of the 
element cost estimate on the total cost estimate 
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of this element:and 
iii) evaluating the combined effect of all the factors 
together on the estimated cost of the element, 
i.e.,the total inaccuracy in the estimate of this 
element. 
g) Repeat the analysis and model for each constituent 
element. 
k) Combine the inaccuracies of relevant elements into 
another model capable of evaluating the overall 
inaccuracy of the group elements, e.g., combine the 
inaccuracy in the estimate of all-in labour rate and the 
inaccuracy in the assessment of labour productivity rate 
to produce the overall inaccuracy of the estimated total 
labour costs. 
1) Combine 
evaluate 
estimate. 
the inaccuracies of all the group 
the overall inaccuracy of the 
elements to 
total cost 
m) Examine the consequences of estimating inaccuracy on the 
contractor's average achieved mark-up using the "Break-
Even Mark-Up" theory. 
n) Examine the consequences of mark-up variability on 
the contractor's average achieved mark-up. 
p) Examine the consequences of both 
inaccuracy and mark-up variability. 
1.3 WORK UNDERTAKEN 
the estimating 
TO satisfy 
undertaken: 
these objectives the following work was 
previous research and literature 
were assessed and critically 
affecting estimating and 
Firstly, 
bidding 
variables 
identified. 
in estimating and 
reviewed. The 
tendering were 
Secondly, tender variability was broken down into estimating 
inaccuracy and mark-up variability. These two variables 
were then sub-divided into their constituent elements. The 
elements of estimating inaccuracy are the inaccuracies 
arising from the estimates of all-in labour rate, all-in 
plant rate, labour productivity, plant productivity, 
materials costs, sub-contractors costs, and site overheads. 
The elements of mark-up variability are the variability 
arising from the assessments of overheads, risk, and profit. 
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Thirdly, for each constituent element of a cost estimate the 
factors that cause variability in the estimate of this 
element were defined and a computer model to evaluate the 
inaccuracy of the element estimate was constructed. Each 
model, for each element, is capable of calculating the cost 
estimate of the element and evaluating the level of 
inaccuracy of its estimated cost. The variability leading 
to the estimating inaccuracy in the element's cost estimate 
was evaluated for: each factor; each group of factors; and 
for the effect of all the factors together. 
Fourthly, the 
elements were 
inaccuracy of 
evaluated inaccuracies of all the constituent 
then combined and the overall level of 
the total cost estimate was evaluated. 
Lastly, the "Break-Even Mark-Up· theory, which is 
traditionally used to study the consequences of estimating 
inaccuracy, was critically reviewed and modified. A new 
factor "Mark-Up Variability" was introduced and all-
inclusive formulae were derived to quantify the combined 
effect of estimating inaccuracy; mark-up variability, 
average applied mark-up and number of competitors. The 
consequences of estimating inaccuracy and mark-up 
variability on the expected value of winning bid and on the 
average achieved mark-up of the winning bid were quantified. 
To undertake the above work sensitivity and simulation 
analyses were used and computer programmes were developed 
to: build up a model for each constituent element of the 
cost estimate; evaluate the inaccuracy of each element cost 
estimate; and to quantify the consequences of estimating 
inaccuracy and mark-up variability. These type of results 
are best illustrated graphically and 100 graphs were 
selected to represent and illustrate the results • 
.• 4 MAIN ACHIEVEMENTS 
The two main achievements in this work are: 
a) providing a model for evaluating the overall inaccuracy 
of a construction cost estimate; and 
b) evaluating the consequences of estimating inaccuracy 
and tender variability. 
To achieve (a) five models were constructed which were 
used to estimate: 
i) all-in labour rate; 
ii) all-in plant rate; 
iii) materials costs; 
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iv) sub-contractors costs; and 
v) labour productivity. 
These models allowed the sensitivity of the constituent 
variables in each estimate to be assessed and the level of 
inaccuracy in each estimate to be evaluated. 
The assessment of the inaccuracy in the estimate of total 
labour costs was achieved by constructing a model "total 
labour costs" which combined the models of all-in labour 
rate and labour productivity rate. This model was used to 
estimate the total labour costs and evaluate its inaccuracy. 
The assessment of the inaccuracy of the total cost estimate 
was achieved by combining the inaccuracies arising from the 
estimates of: total labour costs; total plant costs; 
materials costs; sub-contractors costs; and site overheads. 
TO support this work the factors affecting the estimates 
have been identified in each case and the advice offered in 
the literature was critically reviewed. 
To achieve (b) the existing "Break-Even Mark-Up" theory was 
reviewed and criticised and the explanatory formula was re-
worked to include mark-up variability which previously was 
assumed to be negligible. The modified formulae were used 
to explain and quantify the effect of both estimating 
inaccuracy and mark-up variability on the achieved mark-up. 
This showed, inter alia, that in special cases the mark-up 
required to break-even could even be negative. To support 
this work the factors affecting the applied mark-ups and 
tender variability have been identified and the literature 
relating to existing theories was reviewed and criticised. 
L.S GUIDE TO THE THESIS 
Fig.l gives a schematic guide to the thesis and shows the 
steps of evaluating the overall inaccuracy of a cost 
estimate and the consequences of estimating inaccuracy and 
mark-up variability on the contractor's average achieved 
mark-up. 
Chapter 2 reviews the literature on bidding and estimating. 
The traditional bidding approaches are briefly explained and 
the reasons that these approaches had failed are given. The 
recognition of estimating inaccuracy as a major variable 
affecting bidding variability and contractors'average 
achieved mark-up is surveyed. The lack of any accurate, 
explicit analysis to evaluate estimating inaccuracy and its 
consequences is concluded and the few published work in this 
topic are critically reviewed. 
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Chapter 3 describes very briefly the estimating and 
tendering process. This process is well covered in the 
literature and the reason for this chapter is to identify 
the assessments and calculations involved within the 
estimating process. 
Chapter 4 identifies the causes of variability in the 
estimated all-in labour rate and explains how an "All-In 
Labour Rate Computer Model" is created in order to evaluate 
the variability in the calculated all-in labour rate. 
Chapter 5 identifies the causes of variability in the 
estimated all-in plant rate and explains how an "All-In 
Plant Rate Computer Model" has been developed to calculate 
all-in plant rate and to evaluate the variability in the 
calculated all-in plant rate. 
Chapter 6 identifies the causes of variability in the 
estimates of materials costs and explains a method in which 
the variability of the estimates of materials costs can be 
evaluated. 
Chapter 7 illustrates the growing importance of sub-
contractors and the consequences on estimators' tasks. It 
also explains why sub-c'ontracted work is not a risk-free 
work to the main-contractors and gives the reasons why the 
estimating of sub-contractors costs is a major variable 
affecting the overall variability of cost estimates. 
Chapter 8 explains how sub-contractors disruption can be 
quantified. 
The first part of Chapter 9 reviews the literature on 
productivity and analyses the causes of variability of 
labour productivity. The second part explains the 
formula tion of a "Labour Producti vi ty Rate Computer Model" 
in which the variability of productivity rate assessments 
can be evaluated. 
The first part of chapter 10 explains how the variability in 
total labour costs estimates can be evaluated by combining 
the effects of inaccurate all-in labour rate estimates 
(chapter 4) and inaccurate labour productivity rate 
assessments (chapter 9). This is done by building up a 
"Total Labour Costs Computer Model". The second part of 
chapter 10 shows that the same can be done for total plant 
costs and how the overall variability in a cost estimate can 
be evaluated by combining the variability arising from all 
the variables involved in the cost estimates: total labour 
costs (chapter 4,9and 10); total plant costs (chapter 5,9and 
10); materials costs (chapter 6) and sub-contractors costs 
(chapter 8) 
Chapter 11 
inaccuracy. 
analyses the consequences 
The "Break-Even Mark-Up" 
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of 
theory 
estimating 
which is 
traditionally used to study the consequences of estimating 
inaccuracy on the contractors' average achieved mark-up is 
critically reviewed and then modified. A new factor "Mark-
Up Variability" is introduced and all-inclusive formulae are 
derived to quantify the combined effect of estimating 
inaccuracy, mark-up variability, average applied mark-up and 
number of competitors on the expected value of winning bid 
and average achieved mark-up. 
Chapter 12 contains the conclusions of the research. 
The appendices contain the following information: 
A) Methods of Budget Estimating. 
B) Calculation of All-In Labour Rate. 
C) Calculation of All-In Plant Rate. 
D) Example of Unit Rate Estimating. 
E) Example of Operational Estimating. 
F) Calculation of Site Overheads. 
G) Tender adjustments. 
K) Notes on figures in chapter (7). 
L) Notation. 
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SUMMARY 
Many attempts have been made to improve cost estimates, and 
to develop bidding models. 
Computer aided estimating systems have been developed to 
create structured data bases to improve estimates (16,71). 
However, inaccurate data is a main cause of inaccurate 
estimates. Because these computer systems are only as 
good as their data input, then the end result of an 
estimate is always variable, a "moving target". Hence, 
cost estimates will always have a range of inaccuracy. 
The consequences of that must have an impact on bidding. 
The objectives of this work are, therefore, to: 
define the causes and sources of estimating inaccuracy; 
evaluate estimating inaccuracy; 
produce a bidding model to quantify the consequences of 
estimating inaccuracy and tender variability. 
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2.1 INTRODUCTION 
2.1.1 Bidding Problems 
It is generally recognised that the most important 
problem in bidding is the contractor's problem of 
deciding a bid price given his cost estimate. While 
this is true, it is equally true that this is not the 
only problem arising in the bidding process. The 
client is faced with several problems at the outset. 
Should he invite sealed bids for the contract or is 
it better to negotiate with one or more contractors. 
There is little, if any, work available on this 
problem. If sealed bids are used the client must 
decide which competitors should be invited to quote. 
Will all competitors be informed, say by a public 
advert, or will a selection be made, as in many 
government contracts. How will competitors be chosen 
for the select list? 
It must be remembered that the whole business of /' 
letting public sector contracts is highly sensitive, ... ! 
and in the recent past both politicians and officials: 
have ended up in jail because of corruption. Thel! 
system also strains the integrity of the contractors1i,,1 
as it is important for them to get onto the client'~111) 
select list. Unless there are watertight rules fo~ 
constructing the select list, the competitors will 
seek to persuade the client they should be included. 
In the construction industry, whilst there has been a 
gradual extension of 'package deals· and negotiated 
contracts, the tendering system with closed bids is 
still predominant (1,2,3,4&5). Construction companies 
which bid. competitively should analyse their 
competitive situation in order to make knowledgeable 
business decisions. The more they understand their 
competitive environment, the better they can function 
(6,7&8) • 
2.1.2 Competitive Bidding 
The basic structure of bidding is quite simple. 
Firms regarded as competent to undertake the 
construction are invited to tender for contracts and 
are given the specification for the work, drawings, 
bill of quantities, and other documents if necessary. 
If they decide to bid seriously an estimate of the 
cost of completing the work is made. A profit margin 
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is added, and a sealed tender is dispatched to 
agent of the client. Once the closing date 
tenders is reached, tenders are opened and 
contract is usually awarded to the lowest bidder. 
the 
for 
the 
Any time a contractor or estimator makes an 
adjustment to his bid that is not based on a 
concomitant change in his cost estimate, he is 
employing a bidding strategy. It follows that 
bidding strategies have been used within the 
construction industry universally and historically, 
and have probably existed since the introduction of 
competitive bidding. Obviously, experts in bidding 
existed long before any work was published in the 
literature. In the process of wrapping up a bid the 
contractor or his estimator would not only predict 
how much the job would go for, but would name the 
contractors to beat. He would explain with equal 
confidence why his bid, while probably not the 
lowest, was the right bid for the company, all things 
considered. His predictions were generally on target 
if not in the bull's eye. Such prescience is not 
rare, existed long before the literature of bidding, 
and exists now. Sub-contractors and equipment 
dealers frequently JOln this guessing game. 
Obviously, the guesses of some are more accurate than 
the guesses of others. In fact, this process is not 
at all a guess. It is the estimator's or 
contractor's considered opinion based on his 
education, experience and knowledge, his perception 
of the project in whole and in parts; his sense of 
his company's and competitor's needs, capabilities, 
and limitation; his feel for the construction climate 
and bidding environment; and a myriad of other 
factors, some that defy identification. Clearly, 
they are a superior group of professionals who 
possess this very special kind of expertise. 
2.1.3 Competitor's Problems 
When a cost estimate has been prepared there is 
usually a management decision made on the overall 
price to be quoted for the contract. It is this 
decision which features in most articles on bidding 
and it is often treated in isolation from others. In 
fact this decision is usually taken in the context of 
more global decisions taken at a higher level. Those 
responsible for submitting bids have often been given 
guidelines by the company board, say on achieving a 
certain volume of work or maintaining a minimum 
percentage profit. Thus the crucial decisions in 
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bidding include the overall strategic decisions taken 
at board level as well as the pricing decision on 
each individual bid. 
Information available to the decision-taker is quite 
limited. He has general information on market 
conditions, government economic policy and hearsay 
reports on the fortunes of competitors. He may, or 
may not, know against whom he is competing. Since 
usually only the price of the winning bid is 
published, it is difficult without resort to time-
consuming and possibly unethical informal means to 
know how major competitors have bid in the past. For 
this reason, and because there are many competitors 
and their number and identities vary, he is unlikely 
to have comprehensive bidding histories of 
competitors. These practical considerations have a 
clear bearing on the types of model that may be used 
to assist bidding in the construction industry. 
Clearly, the price bid is not only of critical 
importance to the survival of the construction firm, 
but is also a tricky process calling for considerable 
judgement. A bidder must, first of all, develop a 
good estimate of the actual costs of construction, 
properly accounting for all the uncertainties in the 
price of labour, plant, materials, sub-contractors, 
the quantities required, labour and plant 
productivity, and the difficulties in executing the 
work. To obtain a worthwhile contract, the bidder 
must in addition predict his competitors behaviour 
and should do so at the least cost to himself. When 
he bids much lower than his rivals, he obtains the 
contract, but has to fulfil it at a price far lower 
than necessary. If his bid is too high, he fails to 
get the contract and loses the time and money spent 
on preparing the proposal and may ultimately be 
driven out of business. A good bid will both allow 
for a decent profit and yet be fractionally less than 
any others. Striking this balance is far from easy. 
Much have been written about estimating and 
competitive bidding, in this chapter the literature 
is surveyed and comments are given where necessary. 
2.2 TRADITIONAL APPROACHES 
2.2.1 Friedman Model 
The first important contribution to an individual 
competitor's problem of selecting the best bid price 
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was published by Friedman in 1956 (21). Since then 
his work has come to be regarded as the most basic 
scientific approach to competitive bidding. Several 
investigators, such as: Broemser (6), Park 
(22,23,24&25), Casey and Shaffer (26), Gates (27) 
and Morin and Clough (28) have proposed a number of 
competitive bidding strategy models for possible use 
by construction contractors. Other bidding models, 
such as: Wilde (29), Dean (30), Edelman (31), 
Griesmer (32), Ortiga-Reichert (33) and Stark and 
Mayer (34), have been suggested in the management 
science-operations research literature. All of these 
models for the constructio~ industry follow, in one 
way or the other, the bidding model presented by 
Friedman (21). 
Friedman gave the probability of beating a specific 
competitor (A) for any specific mark-up (M) by 
P(M) = PIA) • This was extended to cover several 
competitors in the form: 
P(M)= PIA) x P(B) x .. etc. 
This was extended again 
several unknown competitors 
n 
. . . . . . . . . . . . . . . . . . . . . 
to the general 
in the model: 
case 
(1) 
of 
P(M) = PIT) ••••••••••••••••••••••••••••••••••• (2) 
where n is the number of unknown competitors. 
2.2.2 Gates' Model 
Gates, in his first article (35), in 1960, considers 
the results of 381 contracts and showed a 
relationship between the spread of bids and the value 
of the contract. The spread is the difference 
between the lowest bid and the second lowest bid. He 
explained a method to highlight erroneous bids and to 
produce optimum bids. In 1967, Gates (27) challenged 
Friedman's method of computing the probability of 
winning, and proposed his own formulae. For a given 
mark-up (M) he gave the probability of winning by: 
1 
P(M) = ------------------------------------- (3) 
1- PIA) I-P(B) I+P(n) 
------- + ------ + ••••• + ------ + 1 
PIA) P(B) P (n) 
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and for the typical case using an aggregated 
frequency distribution the probability of winning is 
1 
P(M) = ------------ •••••••••••••••••••••••• (4) 
n(l-PT) 
------- + 1 
peT) 
Much has been written about the comparison between 
these models, their validity, reliability, their 
weaknesses and possible modifications, some of the 
contributors are: Shaffer and Micheau (36), 
Rosenshine (37), Rickwood (38), Benjamin (39), Capen 
et-al (40 & 41), De Neufvill Rani and lesage (42) and 
Sugrue (43). Before looking at further developments 
it is important to examine the assumptions involved 
in these methods. All methods assume that : 
a) the bids are sealed and that the lowest price 
wins 
b) for each bid the company wishes to maximize the 
expected profit 
c) all cost estimates are accurate; or at least, 
there is no significant difference between our 
cost estimates and the competitors' cost 
estimates 
d) competitors will continue to bid as in the past 
e) there is a good supply of accurate unbiased 
information on competitive bids 
f) the prices quoted for different bids are 
statistically independent 
g) the variation in prices quoted is purely random 
An implicit assumption covered by (b) and (c) is that 
the costs of overheads and bid preparation are 
treated the same for all bids by all competitors. 
Assumption (d) implies that our competitors will not 
react if our company changes its strategy, nor will 
there be any development over time. The last 
assumptions when taken together imply that all bids 
are equal for every competitor. Thus competitors do 
not discriminate between contracts, are not subject 
to capacity constraints and are oblivious to their 
own recent success. 
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2.2.3 Modelling Bidding Patterns 
An alternative approach is to attempt to model the 
bidding patterns in terms of the factors which 
influence the bidders. If reasonably good fitting 
models can be found for each competitor's past bids 
then inferences can be drawn about the competitors' 
policies and forecasts made about future bids. 
Changes in one company's policy can be affected by 
altering parameters in the model and the new 
situation can be simulated over a fixed period. 
Trying several different changes allows management to 
consider a variety of scenarios and from these choose 
the course of action which seems to suit the 
company's objectives best. This approach does not 
seek to optimize any single objective but attempts to 
show management what has happened in the past and 
what could happen in the future. 
The first published account of this was in 1969 by 
Mercer and Russell (44). By studying gravel supply 
contractors, they derive a model for the prices 
submitted for a series of bids by different 
competitors. In this model the individual 
competitors attitudes were treated as functions of 
time only and it was claimed that this clearly showed 
which competitors were becoming more aggressive and 
which less so. It was also claimed that this model 
gave a good fit to the data and yielded forecasts for 
competitors' bids which were superior to managers' 
subjective judgements. . 
In 1976, McCaffer (5) recognizes the difference in 
contractors' pricing policies and that the data used 
in previous models are limited to contracts won by 
the contractor. He showed that there are different 
behaviour patterns with different contractors, some 
have predominant number of high or low bids whereas 
some others behave randomly. He concluded that 
different contractors show sensitivities in their 
success ratio to changes in their bids and this 
indicates differing skills in market judgement. He 
describes a method to predict this existing variation 
by monitoring the effect of contractors' bids 
relative to the mean bid, in a cumulative manner a 
pattern emerges which indicates whether the 
contractor is currently seeking work or not. One 
important feature of this method is that the data 
used is not limited to bids won by the contractor but 
data from all bids he submitted may be used. 
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2.2.4 Non-Price Models 
Simmonds (45) examines the problem of submitting a 
bid for a contract which has some non-price feature 
that will influence the client's choice, i.e., the 
client will not necessarily choose the lowest priced 
bid. He points out that this requires detailed 
knowledge of the client's valuations and suggests 
that it should be the aim of bidders to obtain such 
information. 
Another essentially non-price approach is to fiddle 
with the composition of the bid without affecting the 
overall price. The idea is to optimize the benefit 
from the bid if it is won without affecting the 
chance of winning. In 1968, Stark (46) shows that 
this can be formulated as an L.P. problem and 
discusses various objectives and sensitivity of the 
solution. 
2.2.5 The "Great Battle" 
Since 1968 and up to the late seventies an 
acrimonious controversy over the basic assumptions 
used in Friedman and Gates models, particularly in 
the way that the probability of winning is computed, 
has appeared in the ,literature. In that period, 
dozens of investigators have supported both sides 
with elegant· proofs·. The long length of time 
which the controversy took in the literature made it 
difficult to ignore in a literature survey. 
Furthermore, summarizing the controversy serves to 
highlight the problems of the basic analysis and 
assumptions used in handling the whole range of 
bidding situations. 
In 1959 Hanssman and Rivett (47) suggested a simpler 
method for finding the probability of winning. For 
each bid they took the lowest competitor's price and 
divided it by our cost estimate to obtain all the 
past lowest mark-ups. Then they fitted a log-normal 
distribution to this data. The probability of 
winning can now be 'substituted into Friedman's 
equation and the optimum determined as in Friedman 
method. 
In 1969, an attempt to develop Friedman's approach 
was suggested by Morin and Clough (28). This was a 
dynamic computerised version of the model. By using 
Friedman's equations (1) and (2) but building up and 
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sustaining the bidding patterns as cumulative 
histograms. Thus the probability of beating each 
competitor was read off directly from the appropriate 
histogram. The program listed the expected profit 
for a series of appropriate trial mark-ups. There 
were three refinements built into the model. Firstly 
the data on competitors was exponentially weighted 
with respect to time so that the most recent results 
had most affect on the bidding patterns. Secondly 
the contracts were split into three different classes 
and each class was handled entirely separately. 
Thirdly the competitors were split into key 
competitors and the rest. Results from the key 
competitors were stored and handled separately but 
the results of other competitors were all lumped 
together to form an average competitor distribution. 
This approach goes some way to discriminating between 
contracts both in time and type but falls short of 
modelling the variations and interactions that go on 
in reality. 
The controversy arose when Gates (48) criticized 
Morin and Clough's work (28) which implicity used 
Friedman's equation (2). In his criticism Gates 
states that Friedman's model does not apply to 
competitive bidding in the construction industry, as 
it contradicts bidding experience and is 
mathematically incorrect. In particular it gives 
probabilities which are far too small. He explains 
this by saying that if our company is competing 
against, say 7 evenly matched competitors, in the 
long run our company will win one eighth of the 
contracts. He then puts the probability of winning 
equal to a half for all seven competitors. 
Friedman's equation gives the probability of winning 
as one in 128, whereas Gates' equation makes it one 
in eight. He then accused Morin and Clough of 
misapplying Friedman's method and prove them wrong by 
three arguments. 
In 1972 Rosenshine (37) produced his "Resolution of a 
controversy· in which he showed that both Gates and 
Friedman were correct. Friedman's model he writes, 
expresses the probability of beating independent 
competitors at a given mark-up whereas Gates' model 
describes the result of bidding competitions. He 
precedes this with a proof of Gates conjecture based 
on probability theory. 
However, this does not convince Dixie (49) who, in 
1974, submits his own "Final resolution of a 
controversy". he states that Fr iedman (21) and 
Rosenshine (37) are wrong and that Gates' (27) 
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formulae are the 
by considering 
competitors all 
their chances of 
correct ones 
what happens 
compete for 
winning must 
to use. This is proved 
when three identical 
a bid and showing how 
all be third. 
Next, Fuerst (50), in 1976, enters the fray with 
"Truths and Comments". Essentially he states that 
Friedman is correct and points out errors in both 
Dixie's and Rosenshine's work. This implies that 
Gates' formula is incorrect unless the probabilities 
of beating a competitor are interpreted as 
conditional on either our company or the competitor 
winning. In conclusion Fuerst admonishes previous 
authors by saying that statistical skill and prudent 
judgement are required in bidding. 
This is too much for Gates who replies (51) that 
Fuerst has failed to prove anything and repeats his 
demonstration that Friedman is wrong. He also 
accuses Fuerst of "an extraordinary example of myopia 
of the third eye", of "snatching at any prop to shore 
up his shaky thesis" and of "general indecisiveness'. 
emanating from academia". 
Gates (52) follows this with a Monte Carlo experiment 
in which columns of random numbers represent the bids 
from competitors. Gates says the results prove his 
formula correct and Friedman's wrong. Hence the work 
of Friedman (21), Morin and Clough (28), Fuerst (50) 
and others is wrong, as is the work of Rosenshine 
(37) which finds both Gates and Friedman correct. In 
fact Gates concludes Friedman's model fails 
completely and all work based on his formula should 
be discounted. 
In 1977 Fuerst (53) replies to Gates criticisms in a 
discussion of the Monte Carlo experiment (52). 
Fuerst claims that Gates misrepresents Friedman, does 
not understand probability and can not do simulation 
properly. Indeed he says the simulation is a waste 
of time and that Gates has not grasped the concepts 
of first year undergraduate probability but for over 
a decade has failed to understand the problem 
properly. Fuerst then repeats his point that 
Friedman's formulae correctly gives the probability 
of winning for a given mark-up provided that 
competitors' bids are independent and that Gates' 
formulae are wrong unless the probabilities are 
interpreted in a special way. 
In 1979, Benjamin (54) produces another simulation 
based on real data to test the two models. It is 
shown that Friedman's model always leads to lower 
optimal mark-ups, with less chance of winning, and 
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that Gates' model gives a better fit to the frequency 
of winning. 
In 1982, Carr (8) announces the results of the "great 
battle". He states that Friedman (21) and Gates (27) 
have modelled the relationship between mark-up and 
probability of winning a bidding competition. Each 
model is based on a different assumptions, neither of 
which is correct for most construction bidding. 
2.2.6 Failure of Traditional Approaches 
It was generally agreed that it is unlikely that any 
given contractor could acquire sufficient data to 
develop and stabilize a reliable probability 
distribution that is needed in order to use these 
models. If such data was acquired then during the 
long time required ~o collect these data competitors 
would have changes their prIcIng policy, i.e., 
varying their mark-ups in their tenders, and the 
early data might, or indeed will, become invalid. The 
important point in the work of Mercer and Russell 
(44) and McCaffer (5) is that they proved, by using 
real data, that contractors' relative prices changes 
with time. This contradicts with one of the basic 
assumptions of Friedman, Gates, and all other models 
which assume that competitors will continue to bid as 
in the past, i.e., our competitors will not react if 
our company changes its strategy, nor will there be 
any development over time. 
Another major weakness in the traditional approaches 
is that they assume that all cost estimates are 
accurate, or at least there is no significant 
difference between our cost estimates and the 
competitors' cost estimate. This has been proved to 
be incorrect by Grinyer and Whittaker (1), McCaffer 
(5), Carr (8), Fuerst (50) and Benjamin (39 & 54). 
Finally, Curtis and Maine (55) observed that there 
are many variables not taken into account by these 
probabilistic approaches and are cautionary abou~ 
placing too much reliance upon them. It was also 
concluded by Howard (56 & 57) that the distribution 
of the average or typical competitors "bid-cost 
ratios· may be of little significance as they were 
defined, and that it is unnecessary to continue 
developing probability assessment models along 
traditional lines. 
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2.3 ESTIMATING INACCURACY 
Casey and Shaffer (26) assumed that the cost estimate was 
85% of the bid price for the jobs from which they acquired 
data. They assumed that Friedman's bias correction was 1 ; 
in other words, they assumed that the true cost of doing the 
job is equal the estimated cost. Broemser (6) also assumed 
that the true cost to be the same as the estimated cost. 
Gates (27) although he recognizes that the true cost and the 
estimated cost generally differ, he does not mention a 
correction for bias except in a very brief explanation of 
break-even analysis as it applies to the bidding problem. 
Morin and Clough (28) recognized the ultimate difference 
between true cost and estimated cost, but did not treat this 
difference explicitly in the development of their model. 
Grinyer and Whittaker (1), McCaffer (5), Fuerst (50) and 
Benjamin (58) stated that any bid selection model for 
construction contract must consider three variables : the 
cost estimate; the lowest bid; and the eventual actual cost. 
The uncertainty of the cost estimate, although often ~ 
mentioned, is rarely explicitly considered. Exceptions were I 
Grinyer and Whittaker (1), McCaffer (5), Carr (8) and ',I 
Gates (19). 
Grinyer and Whittaker (1) extended Friedman model to allow 
for bias in cost estimates and the use of management 
judgement on "market trends" to estimate the mean bid. They 
multiply the cost estimate by an unbiasing factor before 
maximizing expected profit. Unable to determine the actual 
costs after contract completion they assume that the cost 
estimate of each competitor is independently drawn from the 
uniform density function centred at the actual cost, which 
is denoted by 1.0. If there are n competitors, the expected 
value of the lowest cost estimate is the expected value of 
the lowest value of n independent drawings from this density 
function. The unbiasing factor is the reciprocal of this 
expected value. Alternatively, if the actual costs on 
previously completed contracts are obtainable in terms of 
the original cost estimate, the unbiasing factor may be 
obtained from such data. 
Grinyer and Whittaker (1) claimed that variability in mark-
up is small and could be ignored, but they conceded that 
their sample was small and that their conclusion was no more 
than an impression. Moreover, "good judgement" to estimate 
the mean bid is an important factor in building and using 
their model to estimate the mean bid. These two points 
lessens the value of the model. 
MCCaffer (5) realized the importance of estimating ( 
variability, he demonstrated that improving the level of 
estimating accuracy increases the average achieved mark-up 
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of the contracting firms. He uses the concept of break-even 
mark-up to study the effect of estimating inaccuracy. This 
theory states that if a competitor wishes to break even in 
the long term he must add a mark-up greater than zero. This 
mark-up, called the "break-even mark-up·, compensates for 
the effect of-always selecting the lowest bid and therefore 
the one that is usually based on an estimate that is less 
than the true cost. The amount of the break-even mark-up is 
a function of the number of competitors and the level of 
estimating inaccuracy. Over a large number of contracts the 
average difference between mark-ups included in tenders and 
achieved mark-ups is the average difference between the mean 
of the winning bids and the mean of all the bids. This 
average difference is the average amount of margin lost in 11_ 
competi tion. McCaffer (5), as Grinyer and Whittaker (1),-
ignored mark-up variability as a factor affecting the break- I 
even mark-up and did not explain how estimating inaccuracy: 
can be evaluated. ' 
Can (8) presented a general bidding model which takes into 
account the problems created by large variations in bidders' 
cost estimates and requires less competitive information 
than the traditional models. However, Carr's model does 
depend on much the same assumptions as the other traditional 
models. The reason that this model requires less competitive 
information than traditional models is that the 
distributions are all assumed to have a normal distribution, 
although no evidence is presented to support this 
assumption. 
Gates (19) argued that estimating inaccuracy is the only n 
variable in a bid. He claimed that there are only two ~ 
variables in a bid: the quantity of the major work items 
and the productivity of the crew carrying out these items. 
He then formulated these two variables in an attempt to 
quantify the risk undertaken in bidding for a project and to 
ascertain the degree of certainty of at least breaking even. 
In his argument he pOinted out that all of the various 
items of work that constitute a completed project fall into 
one of the following groups: subcontract, minor and major 
items. He then claimed that subcontract items and minor 
items need not be evaluated in any details in order to 
achieve an overall degree of accuracy commensurate with the 
estimate taken as a whole. As for the only group left, the 
major items, the total cost is equal to the product of the 
number of units of work (the quantity) and the unit cost. By 
ignoring the mark-up, the unit bid price is the quotient of 
the daily cost of the crew and the productivity of the crew. 
He then made another assumption that the daily cost of the 
crew can be estimated with great accuracy and considered it J 
as "precisely correct". He then concluded that there are t 
only two variables in the cost estimate: the quantity of the 
major work item and the productivity of the crew carrying 
out this item. These two variables were formulated to 
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quantify the risk undertaken in bidding for a project and to 
ascertain the degree of certainty of at least breaking even. 
Unfortunately, this analysis is 
incomplete. The main weaknesses 
summarized below: 
both 
of 
inaccurate 
this method 
and 
are 
Firstly, it does not take into consideration the other major /1 
variables affecting the overall level of inaccuracy of a 
cost estimate, that is, the variability arising from the I 
inaccurate estimates of: all-in labour rate, labour i 
productivity, all-in plant rate, plant productivity, I 
materials costs, and sub-contractors costs. 
Secondly, neither Gates (19) nor any other published work 
presented any evidence to support Gates assumption that sub- 1/ 
contract items do not affect the overall estimating 1 
inaccuracy. Despite the fact that there is no published 
works which explains how sub-contractors' disruption can be 
quantified several writers, such as McCaffer and Baldwin 
(16), Abdel-Razek (20), Spence (59 & 60), Jones (61 & 62), 
Trimble and Clark (63), Barton (64,65&66), Butler (67), 
Fletcher (68) and Pearson (69) explained that the absence of 
a direct financial risk in sub-contractors work is not a 
total security because of the indirect risk of losses caused 
by delay and disruption to the main works, if the sub-
contractors default. 
Thirdly, quantifying the effect of quantity of the work 
item and the productivity of the crew carrying out this work 
is not a complete analysis. It is not enough to evaluate 
the inaccuracy of direct labour cost estimates, and yet 
leave alone the overall inaccuracy of the total proj~ct cost 
estimate. This is because it does not take one of the major 
variables affecting the level of inaccuracy of the estimated 
total labour cost into consideration, that is, all-in labour 
rate estimates which is assumed in Gates analysis to be 
"precisely correct". 
A cost estimate may be broken down into subcontract, minor 
and major groups of items. But if this is done then it is 
absolutely essential that major groups of items must then 
be broken down into: labour, plant and materials costs. 
These three variables must again be broken down into: all-in 
labour rate, labour productivity, all-in plant rate, plant 
productivity, and materials costs. Adding sub-contractors 
costs and site on-costs to these variables gives the major 
seven variables of a cost estimate. An analysis to evaluate 
the overall inaccuracy of a direct cost estimate must 
include the combined effect of these seven variables. 
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2.4 EVALUATING ESTIMATING INACCURACY 
In the last 30 years there has been much written work on: 
bidding problems; different bidding models; the importance 
of estimating inaccuracy and revised bidding models to take 
estimating inaccuracy into consideration. However, despite 
the 500 references listed by Stark and Rothkopf (9) in 1979, 
there is at present little progress towards a generally 
agreed approach which is accurate, relevant and practical. 
On the contrary there are several different approaches some 
of which provide rather limited theoretical insights and 
others which are based on dubious assumptions. The most 
obvious conclusion is that some completely new approaches 
are required. One of these approaches is to analyse the 
variability of cost estimates and develop a method in which 
the inaccuracy of a contractor's cost estimates can be 
evaluated. A cost estimate contributes to about 90% of a 
bid price, or at least 80% of it, therefore for any 
contractor to compete competitively and properly he must 
know the level of inaccuracy of his estimated cost. Having 
known this vital, essential and basic piece of information, 
he then can adjust his mark-ups accordingly. 
To illustrate how the inaccuracy of a cost estimate is 
evaluated and the importance of dOing so, imagine a public 
bid letting; the first three bids read aloud are 
£13,000,000, then £15,000,000, and £ 14,000,000. The fourth 
bid read is the optimal bid of £ 10,000,000. Heads turn, 
gasps and murmurs fill the room. The estimator's concern 
and embarrassment are overwhelming; if only he could 
disappear with his bid; if only he had studied dentistry. 
But now a fifth bid is read at £ 10,200,000, and a sixth at 
£ 10,100,000. The embarrassment turns to satisfaction and 
his concern now is that a competitor will beat his low bid. I 
As luck would have it, the last of the twelve bids read is 
£ 9,750,000. "I knew your estimate was five percent high," 
laments the contractor. "We just lost a nice job," the 
estimator agrees. 
This is the nature of the game, the way bids are viewed and 
how these views can shift instantly from one extreme to the 
other. Clearly, it reflects a lack of confidence in the 
estimating process while relying almost entirely on the 
bidding process. Contractors yearn for confirmation of 
their cost estimates from their competitors. They are 
deeply imbued with the herd instinct. To them it represents 
not only safety, but potential profit not forgone. 
n Despite the inevitable inaccuracy which exists in all cost ~ U estimates, the estimating process is carried out as if it!, 
were a precise science. All estimating reference books such 
as (10,11,12,13,14,15,16&17) are virtually silent on the 
subject of any quantitative measure of precision. Current 
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published works do not explain an explicit and correct method 
of evaluating estimating inaccuracy. The work of Grinyer 
and Whittaker (1), McCaffer (5), Carr (8), Whittaker (18), 
Gates (19) and Abdel-Razek (20) is important in that they 
recognise the significant effect of estimating inaccuracy on 
competitive bidding models and on the average achieved mark-
up of contracting firms. Nevertheless, in order to consider 
the uncertainty of the cost estimate an accurate method to 
evaluate estimating inaccuracy is needed. Neither their work 
nor any other published work have done that. The literature 
in this field have two major weaknesses: 
a) There is not an explicit, accurate analysis in which 
the level of estimating inaccuracy can be evaluated. 
b) There is not an explicit, accurate analYSis in which 
the combined effect of estimating inaccuracy and 
mark-up variability on a contractor average achieve 
mark-up can be evaluated. 
This research is an attempt to solve these two major 
problems, i.e., evaluating the overall inaccuracy of a cost 
estimate, and evaluating the combined effect of estimating 
inaccuracy and mark-up variability on a contractor's average 
achieve mark-up. 
2.5 SUMMARY 
The two elements of a tender sum are the cost estimate and 
the mark-up. Variations in tenders can be attributed to 
inaccuracy in the estimate and variations in the applied 
mark-up. The weaknesses of current published literature are 
that the causes of the inaccuracy in the estimate or the 
variability in a mark-up are not defined in such a way that 
they can be analysed and evaluated. The inaccuracy of a 
cost estimate results from combining the inaccuracy of the 
constituent elements. Thus the inaccuracy of each element 
needs to be evaluated. The consequences of estimating 
inaccuracy and mark-up variability are inadequately 
described in current literature, which tends to assume that 
mark-up variability is negligible. 
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3.1 ESTIMATING AND TENDERING 
The process 
work consists 
and tendering 
of estimating and tendering for construction 
of two separate but related tasks, estimating 
(8,10,11,12,16,20,38,70,71&72). 
Estimating consists of calculating the probable cost to the 
contractor of efficiently carrying out the work if awarded 
the contract. The construction estimator is, therefore, 
required to calculate the direct cost estimate and the site 
on-costs of the project under consideration. 
The majority of construction projects in the United Kingdom, 
Egypt and most Middle Eastern countries are based upon the 
Bill of Quantities document. This requires the estimator to 
determine rates for each item and then extend each item rate 
and total the item sums to produce a total direct cost 
estimate for the project. 
Tendering consists of establishing the final price and terms 
for the contract. Thus, on completion of direct cost 
estimate, additions are made to cover the cost of head 
office overheads, profit, risk, and an assessment of the 
likely margin of inaccuracy in the estimate. This produces 
a total tender sum for the project. 
3.1.1 Types of Construction Contracts 
The Engineer or Architect, acting as the Client's 
agent is responsible for the preparation of the 
contract documents and the selection of a contract. 
Horgan and Rovlston (73) classified contracts as 
follows: 
a) Measurement Contracts: 
i) Bills of Quantities Contracts 
ii) Schedule of Rates Contracts 
b) Lump Sum Contracts 
c) Cost Reimbursement Contracts: 
i) cost plus percentage fee contracts 
ii) cost plus fixed fee contracts 
iii) cost plus fluctuating fee contracts 
iv) target price contracts. 
d) "All-in" Contracts; these cover both design and 
construction and may be on a measurement, lump 
sum or cost reimbursement basis. 
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The different types of contracts essentially centre 
around the basis of payment. In Measurement and Lump 
Sum Contracts, payment is determined by the rates and 
prices tendered by the contractor prior to the 
commencement of work. In Cost Reimbursement 
Contracts the contractor is paid the actual cost of 
completing the works plus a fee to cover overheads 
and profit. The majority of construction contracts 
are measurement Contracts based on the following 
contract documents: 
Form of Contract; 
General Conditions of Contracts; 
Specification; 
Contract Drawings; 
Form of Tender; and 
Bill of Quantities. 
3.1.2 Methods of Selecting a Contractor 
In most construction contracts the contractor is 
selected on the basis of a competitive tender 
(5,8,18,20,71&74). The tender list may be open or 
selective. 
In the open tender method the client's agent 
advertises in appropriate press outlets inviting 
interested contractors to apply for the relevant 
contract documents. The contractor may then submit a 
tender for the works. 
The open tender method has the advantage of: 
- allow all interested contractors to tender; 
- allowing the tender list to be made without bias; 
- ensuring good competition; 
- preventing contractors forming "price rings" 
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The disadvantages are: 
the tender lists become long and the procedure 
costly; 
public accountability may be questioned if the 
lowest offer is not accepted; 
it is difficult for the client's agent to ignore 
the lowest price even if he considers the tender 
to be from an inefficient contractor; 
a contractor submitting too Iowa price may 
resort to claims or bad workmanship to prevent 
a loss; 
the better 
tendering. 
S 
contractors are di~uaded from 
The disadvantages were clearly recognised by the 
Banwell Committee (75) who criticised the undue use 
of the open tendering method. 
In selective tendering a short list of contractors is 
drawn up by the client's agent and the companies are 
invited to submit tenders. The National Joint 
Consultative Committee (76) recommended the number of 
contractors on the list to be between five and eight. 
The list is drawn up from a file of suitable 
companies. The advantages of selective tendering are: 
the cost of tendering is kept to a minimum; 
the competing contractors may 
reasonable allowance for profit 
confident of obtaining work; 
include a 
and remain 
as only competent companies 
lowest tender received can 
accepted. 
are involved, the 
be confidently 
The disadvantages of this method are: 
unless the list is 
allegations of favouritism 
frequently revised, 
may take place; 
tender prices are higher than for open tenders; 
there is a greater chance of collusion between 
contracting companies. 
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3.1.3 Estimating Methods 
There are several methods of estimating the cost of 
the construction of a project. These may be 
classified as simple or advanced estimating 
techniques and are described in detail by several 
writers, such as McCaffer and Baldwin (16), Bathurst 
and Butler (77), Dell 'Isola and Kirk (78), and Niel 
(79). The method adopted depends on the level of 
detailed information available, the needs of the 
recipient of the information and the time available 
to prepare the estimate. The methods can be 
summarised under the following headings: 
Unit method; 
Space method; 
Element method; 
Approximate Quantity method; and 
Detailed Cost Estimating Method. 
The Unit, Space, and Element Methods are estimating 
techniques used by the quantity surveyor for budget 
estimating. These methods enable the client's agent 
to prepare estimates for the client at the 
feasibility stage of the project design. The 
Approximate Quantity Method is used by both the 
Client's agent and the contractor to obtain an 
approximate cost for the project. For the client's 
agent, this method is another budget estimating 
technique. The contractor's· estimator uses this 
technique to prepare an approximate cost of the 
project on receipt of the contract documents. 
Details of budget estimating methods are given in 
Appendix (A). 
When at the stage of submitting a tender for a 
project, the contractor's estimator is concerned only 
with detailed cost estimating. The estimate that is 
required is not only a forecast of the total cost for 
the project. Moyles (80) listed the additional 
purposes of the contractor's cost estimate as: 
to assist in the valuation of variation; 
to aid the planning of construction operations; 
to forecast plant, 
requirements; 
labour and material 
to enable the comparison of estimated and 
actual costs; 
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to help in the selection of sub-contractors and 
suppliers' 
as a basis for cash flow forecasting; and 
to establish contractual obligations. 
The level of information required to assist in all 
these purposes demands a detailed analysis of the 
work to be completed. 
Detailed cost estimating requires an analysis of the 
resources required to undertake a construction 
project. In addition to the quantity of each 
resource required, the cost of each resource for the 
project must be ascertained. For labour resources 
this entails an assessment of present labour rates 
adjusted to reflect the location and working 
conditions of the site. Materials, plant and sub-
contractors resources are costed after obtaining the 
appropriate written quotation. The analysis of the 
construction work may be carried out by consideration 
of the project programme and the operations involved 
or by a detailed analysis of the lists of measured 
items given in the Bill of Quantities. The total 
construction cost being calculated by totalling the 
cost of the operations on bill items respectively. 
Cost estimates may be prepared by either considering 
the resources required to complete an operation or by 
pricing the items within the Bill of Quantities based 
upon an output or usage rate required for each 
resource used for the work detailed within the bill 
item. The two approaches are known as Operational 
and Unit Rate Estimating (81). Examples of the 
calculations involved in Unit Rate and Operational 
Estimating are given in appendices (0) and (E) 
respectively. 
3.2 THE ESTIMATING AND TENDERING PROCESS 
For contracts based on a bill of quantities, the estimating 
and tendering process within a contractor organization 
starts with the receipt of the contract documents and ends 
with the submission of the Form of Tender. The process of 
estimating and tendering is described in detail by many 
writers such as McCaffer and Baldwin (16), Mudd (17), 
Abdel-Razek (20), Baldwin (71), Milne (72), Moyles (80), 
Atton (82), Wainwright (83) and CIOB committees (11 & 12). 
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The process may be summarised in the following stages: 
a) The receipt of the contract documents and the decision 
to tender for the work. 
b) Estimating and programming the time of estimating. 
c) The project study and the selection of an appropriate 
method of construction. 
d) The selection of sub-contractors and negotiations for 
rates. 
e) Obtaining materials quotations. 
f) The calculation of all-in labour rates. 
g) The calculation of all-in plant rates. 
h) The assessments of labour and plant productivity rates. 
i) Calculations of direct cost rates. 
k) Calculations of site overheads. 
1) Estimator reports. 
m) Additions for head office overheads, risk and profit. 
n) Tendering adjustments. 
p) Submission of the Form of Tender. 
3.3 THE CALCULATION INVOLVED IN THE ESTIMATING AND TENDERING 
PROCESS 
The calculations involved in the estimates of individual 
items are described in details by many writers such as Beans 
(84), Mudd (85), Sluter (86), Pointer (87), Bennett (88), 
Spark (89), Elliott (90), Neale (91), Hewett (92), 
stubbington (93), Penn (94), Griffiths (95), Ashworth (96), 
Harrison (97) and the rOB Estimating Sections 
(98,99,100,101). 
The principle calculations performed during the estimating 
and tendering process are: 
a) the all-in labour rate; 
b) the all-in plant ratel 
29 
c) materials costs; 
d) subcontractors costs; 
e) unit rate or operational estimating; 
f) site overheads; 
g) head office overheads; 
k) the cost of financing the project; 
1) assessment of risk and addition of profit; and 
m) tender adjustments. 
Examples of the calculations of the all-in labour rate, all-
in plant rate, unit rate estimating, operational estimating, 
site overheads and tender adjustments are given in appendices 
B,C,D,E,F and G respectively. 
3.4 TENDER STRUCTURE 
Two alternative structures of the tender price are given by 
Bainbridge (102) and shown in figs.2 and 3. With reference 
to these structures, or any other structure of tender price, 
tender variability can be attributed to estimating 
inaccuracy and mark-up variability. 
3.5 CAUSES AND ANALYSIS OF ESTIMATING INACCURACY 
Fig.4 illustrates the constituent elements of a cost ( 
estimate. The overall level of inaccuracy of a cost estimate 
is the resultant of the combined effect of several different i 
inaccuracies arising from the estimates of: 
i) all-in labour rate; 
ii) all-in plant rate; 
iii) materials costs; 
iv) sub-contractors costs; 
v) labour productivity rate; 
vi) plant productivity rate; and 
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vii) site overheads. 
The estimator is required to assess numerous factors in 
order to calculate the likely cost of each of these cost 
elements. Figs. 5, 6, 7, 8, 9 and 10 show the factors 
affecting the levels of inaccuracy of the estimates of: all-
in labour rate, all-in plant rate, materials costs, sub-
contractors costs, labour productivity rate and site 
overheads costs respectively. 
Any analysis to develop a method to evaluate the overall 
level of inaccuracy of a cost estimate must break down the 
cost estimate into its constituent elementsl analyse each 
constituent element to define all the factors affecting its 
estimate 1 evaluate the effect of inaccurate assessment for 
each factor on the total estimated cost of the elementl 
evaluate the combined effect of inaccurate assessments of 
all the factors together on the total estimated cost of the 
element and hence evaluate the level of inaccuracy of the 
final cost estimate of this element. The overall inaccuracyu 
of the total cost estimate can' then be obtained by combining, 
the inaccuracies arising from all its constituent elements. 
3.6 CAUSES AND ANALYSIS OF MARK-UP VARIABILITY 
Mark-up is the amount assessed by the contractor to be added 
to the estimated cost of a project to allow for (i) risk, 
(ii) company overheads and (iii) profit. Variations exist 
in all'the three components of mark-up. These variations 
arise because different companies assess the three 
components differently. The method of adding them may cause 
further variation. 
Firstly, the assessment of the degree of risk involved in a 
possible job will depend on the contractor's ability, 
experience, the kind of job under consideration, the 
experIence of the company in this particular kind of work, 
the location of the work, etc. All these factors will be 
interpreted differently from one contractor to another. 
Each of them will add an amount which he thinks is 
reasonable relative to his circumstances. Furthermore, 
these different assessments have to be translated into money 
terms which again is a subjective assessment and creates 
more variation in the final assessment of risk. 
Secondly, the process of estimating the general overheads 
consists of three steps: 
i) calculating the amount of general overheads expensesl 
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ii) assessing the likely turnover of the current year; and 
iii) allocating the appropriate additions which should be 
made to the direct costs for each job to recover these 
expenses. 
These calculations and assessments will obviously vary from 
one company to another. A major cause of variation is the 
fact that only a small portion of total overhead costs can 
be attributed to each job, and the exact amount cannot be 
determined unless the total volume of work is known. 
General overheads, therefore, must be spread over an 
estimated, but unknown, amount of work. 
Lastly, profit is the contractor's assessment of the amount 
which he considers feasible to add to his cost estimate in 
the existing market conditions. The factors that influence 
the contractor in his assessment are enormous. Most of 
these factors are largely beyond his control, i.e. the total 
work available in the market, the number of competitors, the 
economic environment and the government policy. The 
assessment of profit, therefore, will vary from time to time 
and the interpretation of market conditions will vary from 
company to company and from one person to another. It 
follows that the assessment of profit will almost always be 
different among competitors. 
Another important but indirect cause of mark-up variability 
is the level of the contractor's and his competitors' 
estimating inaccuracies. The estimated cost of a project is 
the basis of assessing mark-up. Any variation, therefore, 
in the estimated cost will cause variation in the applied 
mark-up. 
The overall level of variability in mark-ups is, therefor, 
the resultant of the combined effect of three different 
variabilities arising from the different assessments of: 
head office overheads; risk; and profit. The level of 
variation in each of these elements will depend on the 
variability arising from the different assessments of the 
numerous factors affecting each of these three elements. 
Some of these factors are shown in fig.ll. 
3.7 CAUSES AND ANALYSIS OF TENDER VARIABILITY 
Fig.12 shows that tender variability is attributed to , 
estimating inaccuracy and mark-up variability. It also shows I .... '
that the overal~ level of estimating inaccuracy is the 
resultant of (fiv different inaccuracies arising from the 
estimates of:- otal labour costs; total plant costs; 
~l~?~~ 
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materials costs, sub-contractors costs and site overheads 
costs. Fig.12 also shows that the overall level of mark-up 
variability is the resultant of three different 
variabilities arising from the assessments of: head office 
overheads; risk and profit. 
As tender variability is attributed to estimating inaccuracy 
and mark-up variability, thus any method to investigate, 
analyse, and evaluate tender variability and its 
consequences must take into consideration these two 
individual but related variables. As both occur in practice, 
thus the effect and consequences of both must be studied 
together. 
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3.8 CONCLUSIONS 
1. The process of estimating and tendering for construction work 
consists of two separate but related tasks, estimating and 
tendering. Estimating consists of calculating the probable 
cost to the contractor of efficiently carrying out the work 
if awarded the contract. Tendering consists of establishing 
the final price and terms for the contract. Thus, on 
completion of direct cost estimate, additions are made to 
cover the cost of head office overheads, profit and risk. 
This produces a total tender sum for the project. In most 
construction contracts the contractor is selected on the 
basis of a competitive tender. 
2. 
3. 
There are several methods of estimating the cost of the 
construction of a project. The most known are: Unit method; 
Space method; Element method; Approximate Quantity method; 
Detailed Cost Estimating Method. When at the stage of 
submitting a tender for a project, the contractor's estimator 
is concerned only with detailed cost estimating. 
The overall level of estimating inaccuracy is the resultant I 
of seven different inaccuracies arising from the estimates! 
of: all-in labour rate; all-in plant rate; labour! 
productivity rate; plant productivity rate; materials costs,; 
sub-contractors costs and site overheads costs. Any analysisi 
to develop a method to evaluate the overall level ofi 
inaccuracy of a cost estimate must break down the cost 
estimate into the above constituent elements; analyse each 
constituent element to define all the factors affecting its 
estimate ; evaluate the effect of inaccurate assessment for 
each factor on the total estimated cost of the element; 
evaluate the combined effect of inaccurate assessments of all 
the factors together on the total estimated cost of the 
element and hence evaluate the level of inaccuracy of the 
final cost estimate of this element. The overall inaccuracy 
of a direct cost estimate can then be obtained by combining 
the inaccuracies arising from all its constituent elements. 
4.' The overall level of variability in mark-ups is the 
resultant of the combined effect of three different 
variabilities arising from the different assessments of: head 
office overheads; risk; and profit. These variations arise 
because different companies assess the three components 
differently. The method of adding them may cause further 
variation. The level of variation in each of these elements 
will depend on the variability arising from the different 
assessments of numerous factors affecting each element. 
5. Any method to investigate, analyse, and evaluate tender 
variability and its consequences must take into consideration 
estimating inaccuracy and mark-up variability. As both occur 
in practice, thus the effect and consequences of both must be 
studied together. 
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4.1 SYNOPSIS 
A computer model is used to calculate the all-in labour rate 
derived from nineteen variables and to explore the 
sensitivity of the calculated rate to variations in these 
variables. The effects of the key variables such as: 
allowances for inclement weather; sick leave; supervision 
and redundancy; are reported. The con- clusions are that 
both the maximum and average ranges of inaccuracy in the 
estimated all-in labour rate can be predicted for any range 
of variation around the assumed assessments for the 
variables. For example, for + or - 30% variations the range 
of inaccuracy in the estimated 'all-in' rates due to: 
inclement weather, sick leave and redundancy and sundry 
costs is + or 2.3%; due to supervision allowances 
(variation in ratio tradesmen: foremen, from 7:1 to 2:1) is 
from - 4.3% to + 3.8%. Combining these four variables and 
taking the extremes of variation in all cases the range of 
inaccuracy in estimated 'all-in' rate is from - 6.5% to + 
11%. Combining these four variables but not choosing the 
variation in the same direction produced a range of 
inaccuracy in the estimated 'all-in' rate from 2.3% to + 
6.8%. 
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4.2 LABOUR COSTS 
The aim of the skilled estimator is to assess all the 
variables in calculating a competitive price which will 
secure his company a good change of winning a contract. The 
'all-in' labour rate is an important step in reaching this 
aim. The task of the estimator is to calculate the annual 
cost of the 'all-in' rate for general labourers, plant 
operatives, tradesmen and other trades as he considers 
necessary. The basis of this calculation is to determine: 
(a) the total worked hours in a year; and 
(b) the total costs for the man year. 
Thus the cost per worked hour may be obtained. 
4.3 SOURCES OF ESTIMATING DATA 
The estimator is required to assess the numerous expenses 
resulting directly and indirectly from the employment of 
labour. These assessments are based partly on recorded 
data, partly on experience, partly on hunches and partly on 
available sources of information. These sources include: 
a) The Construction Industrial Standard Agreements and 
various statutory employment conditions, which give 
basic pay rate and allowances. These basic rates are 
laid down by different national bodies (103 , 104) ; 
b) the contract conditions, contract programme and the 
company's own system of work; 
c) an examination of the site location and current 
condition for labour, which give guidance on 
hours worked and bonus levels. 
market 
normal 
4.4 RELIABILITY OF ESTIMATING DATA 
The data used in the calculation of the 'all-in' labour rata 
are obtained from sources of varying reliability. Different 
estimators will obviously assess these variables differently 
and hence a number of estimators could produce a range of 
"all-in" labour rates. The actual man cost/hour will almost 
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always be different from the estimated one. The extent of 
that difference can be attributed to the sources of the data 
used, the estimator's own subjective judgement and company 
guidance notes used during the calculation process. 
4.5 LABOUR COST MODEL 
Current works such as reference (10,11,12,13,14,15,16,17, 
105,106,107 and 108) on pricing and estimating the cost of 
labour can do no more than quote 'average' or 'possible' 
costs, but are unable to relate these to the 'possible' 
conditions to which they pertain. Furthermore they do not 
predict a possible inaccuracy in the estimated cost/hour. 
For example, an estimator may arrive at his final cost/hour 
using an assessed 60 hours/year for the variable of 
'inclement weather', should this variable increase to, say, 
70 hours/year, there is at present no work which gives a 
guideline on the extent to which this difference will affect 
the final assessment of cost/hour. The same is true of any 
one of the numerous variables involved. 
If the principle variables were identified and some 
yardsticks suggested to which they could be related, then 
the process of assessment might be rationalized to some 
extent, though it is possible that this would not entirely 
eliminate the need for that 'hunch' which an estimator 
acquires over the years which seems an essential requirement 
for consistently good estimating. 
One way to determine these yardsticks is to use estimator's 
assessments for all the identified variables and to 
calculate the 'all-in' labour rate. Having determined this 
labour cost/hour the effect of variations or a range of 
variations for each variable in the calculations can be 
analysed. This is in effect to study the sensitivity of the 
labour cost/hour to variations in the components of the 
"labour cost model". 
The two steps in creating an all-in labour rate model are 
to: 
a) identify all the variables involved in the calculation 
of the 'all-in' labour rate; and 
b) analyse these variables in a way that shows clearly the 
relationships between the different level of possible 
variations around the estimator's assessments for each 
variable or group of variables and the resulting effect 
on the total calculated 'all-in' labour rate for each 
case. 
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4.6 THE RANGE OF INACCURACY IN THE ESTIMATED ALL-IN LABOUR RATE 
Referring back to the example of the number of hours lost 
during the year because of the weather conditions. If the 
estimator assesses this as 60 hours/year he, in fact, thinks 
that the possible likely number of hours lost is in range of 
(50-70) hours, or (55-65) hours, or may be any other range 
in which 60 is more or less the average. So, by relating 
this range of possible variations to the total estimated 
'all-in' labour rate we can then predict the range of 
possible inaccuracy in the estimated 'all-in' labour rate 
caused by this particular variable. 
If this is done by using all different possible combinations 
of variables, then relating each variation to the estimated 
'all-in' labour rate the possible range of estimating 
inaccuracy can be quantified. The result of this represents 
the estimator's range of estimating inaccuracy in his 
estimated 'all-in' labour rate. 
A computer programme, fig.13, was developed to build-up an 
"All-In Labour Model". This model uses nineteen variables 
identified as effecting the calculation of the 'all-in' 
labour rate. The model is capable of calculating the 'all-
in' labour rate based on different assessed values of these 
variables. 
The programme is .not included here, but the variables 
involved and some results and graphs are given below. The 
variables and their initial assessed value are : 
1. Hourly wage including the basic weekly wage and the 
joint board supplement 237 p/hr, 
2. Guaranteed minimum bonus payment 
£12.87 per 39 hour week for 47 weeks; 
3. Additional payments plus rate as set out in the working 
rules 2% of the basic total, 
4. Travelling time 
2 hours per day, 
5. Overtime 
2 times hourly rate, 
6. Supervision 
1 foreman for every 4 tradesmen, 
7. Sick leave 
125 hours/year; 
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8. Inclement weather 
60 hours/year; 
9. Public holidays 
8 days/year; 
10. Annual holidays stamp and death benefit 
21 working days; 
11. National Insurance contributions 
12.2% of 'paid total'; 
12. Common Law Insurance 
1% of the sum total of paid out + allowances; 
13. C.I.T.B. levy 
2% of paid total; 
14. Travelling expenses 
assume employer's lorry, the cost is added to the 
preliminaries section; 
15. Lodging allowances 
assume job is less than 4 miles from agreed boundary, 
i.e. allowance is zero; 
16. Tool money 
17. 
2.5% of the paid total sum; 
Redundancy 
(severence 
absenteeism 
1. 5% of the 
payment schemes and other sundry costs 
pay, loss of production during notice, 
etc. ) ; 
paid total and allowances; 
18. Guaranteed weekly minimum 
60 hours/year; 
19. Allowance to cover 
over the contract 
contract has a price 
any increase in labour cost rate 
period, . for simplicity: assume 
fluctuation clause. 
Having identified the variables and by assuming an average 
possible variation of + or - 30% around the estimator's 
assessment for each of the nineteen variables, different 
labour cost/hour calculations can be made. If variations in 
each of the variables were studied allowing 1% difference on 
each trial across the range + or - 30% then 60 values would 
be used for each of the 19 variables. This would give 
32 
possible combinations totalling 16.93 x 10 leading to 
that many calculations of 'all-in' rate. 
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By studying, closely, the sources of data available to 
estimators and eliminating the variables that could be 
assessed relatively accurately, the number of variables was 
reduced to four. This was done for simplicity and for 
purposes of demonstration. More variables can easily be 
included, different assessments for the variables and 
different ranges of variations may be assumed without 
invalidating the analysis. The four variables chosen were: 
i) Allowances for inclement weatherl 
ii) Allowances for sick leavel 
iii) Allowances for redundancy and sundry costsl 
iv) Allowances for supervision. 
To explain the analyses and illustrate the results five 
situations are described below. Results of this type are 
best presented graphically, see figs. (14-18). 
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4.6.1 Situation (1) 
Assumptions 
Allowance for inclement weather is 60 hours/year; 
Allowance for sick leave is 125 hours/year. 
Question 
What would be the maximum range of estimating 
inaccuracy in the estimated 'all-in' labour rate if 
these two assessments each have a possible variation 
of + or - 30% around the assumed allowances? 
Solution 
The graph in fig.14 shows that the range 
estimating inaccuracy is calculated cost/hour + or 
2%. 
of 
Explanation 
The lower and upper limits of the range of possible 
assessments for inclement weather are 42 hours/year 
and 78 hours/year, i.e. (60 + or - 30%) hours/year, 
and for sick leave the limits are 87.5 hours/year and 
162.5 hours/year, i.e. (125 + or - 30%) hours/year. 
Assuming no variations in the other variables, the 
maximum range of inaccuracy in the estimated 
cost/hour will occur when both assessments are either 
over estimated i.e. assessments + 30% or under 
estimated i.e. assessments - 30%. From graph (14) 
the maximum range of inaccuracy in the final 
estimated cost/hour is shown as + or - 2.0%. 
Note that other estimating inaccuracies 
obtained from the graph for 30 different 
variations around the assessments i.e. 
assessments + or - (l%m + 2% •••• + 30%). 
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4.6.2 Situation (2) 
Assumptions 
Allowance for inclement weather is 60 hours/year; 
Allowance for sick leave is 125 hours/year; 
Allowance for redundancy and sundry cost is 1.5% of 
the paid total and allowances. 
Question 
Assuming all variations fall in one direction, that 
is, all assessments are under estimated or over 
estimated, what would be the maximum range of 
inaccuracy in the estimated 'all-in' labour rate if 
these assessments have a possible variation of + or -
30% around the assumed allowances, i.e. a range of 42 
to 78 hours/year for inclement weather, 87.5 to 162.5 
hours/year for sick leave and 1/05% to 1.95% of paid 
total plus allowances for redundancy and sundry 
costs. 
Solution 
The graph in fig.15 shows that the range of 
inaccuracy in the estimated cost/hour will be 
calculated cost/hour + or - 2.3%. 
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4.6.3 Situation (3) 
Assumptions 
Supervision allowance is 
tradesmen: 1 foreman. 
fixed at initial value. 
Question 
based on a ratio of 4 
All other variables remain 
What would be the range of inaccuracy in the 
estimated 'all-in' labour rate if this ratio could 
possibly be varied to: 2:1, 3:1, 5:1, 6:1, or 7:1? 
Solution 
Assuming no variations in the other variables, the 
graph in fig. 16 shows that the range of inaccuracy 
in the estimated 'all-in' labour rate is from 
calculated cost/hour - 4.3% to calculated cost/hour + 
8.8%. 
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4.6.4 Situation (4): "MAXIMUM POSSIBLE INACCURACY' 
Assumptions 
The same range of variation exists in all four 
variables glven in situations (2) and (3). All 
variations to assessments fall in one direction i.e. 
all under estimated or all over estimated. 
Question 
What is the maximum possible inaccuracy in the final 
estimated 'all-in' labour rate? 
Solution 
The graph in fig. 17 shows that given a range of + or 
- 30% for 3 of the variables and a varying ratio from 
2:1 to 7:1 for the fourth variable, the inaccuracy in 
the final estimated 'all-in' labour rate will be ln 
the range calculated cost/hour - 6.5% to calculated 
cost/hour + 11%. 
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4.6.5 situation (5): ·AVERAGE LEVEL OF INACCURACY· 
Assumptions 
In practice it is unlikely that a situation will 
arise involving all the minimum or maximum of all 
parameters rather some will tend towards one extreme 
and others to the other extreme. So, the assumptions 
in this situation are like situation (4) but the 
possible variations around the assessments of all 
variables neither all fall towards one extreme nor 
all to the other, i.e. where some assessments were 
under estimated others were over estimated. The 
following is chosen as one example of many possible 
combinations of assumptions for this situation. 
Question 
What will be the average range of inaccuracy in the 
estimated 'all-in' labour' rate if the variations 
around assessments are as follows : 
a) allowances for inclement weather, sick leave and 
redundancy and sundry costs are all over 
estimated by +30% and allowances for supervision 
is under estimated by choosing the ratio 7: 11 
or 
b) allowances for the first three variables 
mentio~ed above are all underestimated by - 30% 
and allowances for supervision is overestimated 
by choosing ratio of 2 : 1. 
Solution 
The graph in fig. 18 shows that the average 
inaccuracy in the estimated 'all-in' labour rate is 
in the range estimated cost/hour - 2/3% to estimated 
cost/hour + 6.8%. 
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4.7 CONCLUSIONS 
The conclusions of this chapter which have also partly been 
presented by Abdel-Razek and McCaffer (109) are as follows: 
1. In the process of calculating the 'all- in' labour rate the 
estimator must assess the different variables involved. 
Current works on pricing and estimating the cost of labour 
are unable to relate 'possible' or 'average' costs to the 
'possible' or 'average' conditions to which they pertain. 
Predicting the level of inaccuracy in the estimated 
cost/hour is invaluable to both estimators and senior 
management in improving estimates. These aims are achieved 
using sensitivity analysis and a simulation programme to 
build up an "All-In Labour Rate Model". 
2. This "All-In Labour Rate Model" is based on the 
identification of 19 variables involved in the calculation 
of the 'all-in' labour rate and on the establishment of the 
ranges of possible variables around the assumed assessments 
for these variables. Hence from the given graphs both the 
maximum and average ranges of inaccuracy in the calculated 
'all-in' labour rate can be predicted from any range of 
variation around the assumed assessments. 
3. These graphs and analyses quantify the increase or decrease 
in the total calculated 'all-in' rate for assumed ranges of 
variation around the assumed assessments of each variable or 
group of variables involved in the calculation. Hence, the 
relative importance of the variables can be obtained for 
each set of data. A better understanding of where the 
greatest error occurs may be established and the degree of 
risk which the estimator is taking for any range of possible 
variation around his assessments may be predicted. For 
example for + or - 30% variations the range of inaccuracy in 
the calculated 'all-in' rates due to: inclement weather and 
sick leave variations is + or - 2%, due to inclement 
weather, sick leave and redundancy payment variations is + 
or - 2.3%, due to super- vision allowances (variation from 
7:1 to 2:1) is from -4.3% to 8.8%. Combining these four 
variables and taking the extremes of variation in all cases 
the range of inaccuracy in the estimated 'all-in' rate is 
from - 6.5% to + 11%. Combining these four variables but 
not choosing the variation in the same direction produce a I' 
range of inaccuracy in the calculated 'all-in' rate from I 
2.3% to + 6.8%. 
4. The costs used in these calculations and the percentage of 
inaccuracies are indicative. Adding more variables to the 
analysis, assessing different allowances for the variables 
and assessing different ranges of variations will not 
invalidate the analysis. The applications of this analysis 
should make it possible to produce progressively more 
accurate estimates for labour costs. 
62 
C H APT E R ( 5 ) 
E V A L U A TIN G THE I N Ace U RAC Y 
I NTH E EST I M ATE 5 0 F 
"ALL-IN" PLANT RATE 
CON TEN T S 
5.1 SYNOPSIS 63 
5.2 PLANT COSTS 64 
5.3 CAUSES OF VARIABILITY 64 
5.4 RELIABILITY OF ESTIMATING DATA 65 
5.5 PLANT COST MODEL 66 
5.6 PREDICTING THE LEVEL OF INACCURACY 
IN THE "ALL-IN" PLANT RATE 67 
5.7 CONCLUSIONS 78 
5.1 SYNOPSIS 
A computer model was used to calculate the 'all-in' plant 
rate derived from eight variables and to explore the 
sensitivity of the calculated rate to variations in these 
variables. The effect on the 'all-in' plant rate of key 
variables such as: number of worked hours/year; plant 
useful life; allowances for maintenance and repairs; etc. 
are reported. The range of inaccuracy in the estimated 
'all-in' plant rate can be predicted for any variation 
around the assessed values for each variable. For example, 
for plus or minus 50% variation in each variable the range 
of inaccuracy in the estimated 'all-in' plant rate due to: 
number of hours worked/year is from - 24.37% to + 73.18%; 
due to: plant useful life is from - 14.66% to + 44.54%; due 
to: required rate of return is from + 6.24% to - 6.00%; due 
to: maintenance and repairs allowances is plus or minus 
8.97%; due to: resale value is from - 1.11% to + 1.14%; due 
to: tax, licence and insurance is from + 0.40% to - 0.44%; 
due to: number of litres of fuel consumed/hour is from + 
13.44% to - 13.41%; and due to oil and grease cost is plus 
or minus 1.22%. 
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5.2 PLANT COSTS 
The elements of plant cost can 
headings of ownerships costs, 
costs as follows: 
be considered under the main 
operating costs and variable 
Ownership Costs 
Depreciation 
Interest on capital 
Road taxes and insurance 
Operating Costs 
Maintenance and repairs 
Fuel and lubricants 
Labour and repairs 
Variable Costs 
Transport 
Temporary site work and other related costs 
The estimator, either in a contracting company or a 
company, is required to determine the 'all-in' plant 
of each major plant item as an hourly or weekly rate. 
hire 
rate 
When 
the plant item' nwned by the contractor the rate estimated 
must cover all the elements of the plant costs listed above. 
For hired plant the basic cost is the rate quoted by the 
plant company to which the estimator must add all running 
costs and variable costs not covered by the hirer's 
quotation. 
This chapter considers the variability in the calculation of 
the "all-in" rate for plant. 
5.3 CAUSES OF VARIABILITY 
The assessment of plant cost variables is the most difficult 
aspect in estimating the plant cost. This is mainly because 
of the type of data needed and because of the inter-
relationships between plant cost variables. For example, 
the cost of maintenance and repairs, over a given period of 
time, is influenced by the actual number of hours the plant 
works in that period of time. The deterioration of the 
working parts is much greater in the case of plant working 
than plant standing idle. Thus in putting forward 
estimating data for the cost of repairs the estimator must 
take into account the labour cost expended upon the repairs 
and the cost of renewal parts in conjunction with the 
average hours worked by the plant and its expected life. In 
estimating costs most estimators rely on a "swings and 
roundabouts" effect overestimating some variables and 
underestimating others to produce an estimate of acceptable 
accuracy overall. In estimating plant costs the 
interdependency of the variables reduces this effect and 
makes accurate cost estimates more difficult to achieve. 
Other causes of variation are the project-related factors 
which influence the assessment of these variables. Such 
factors include: volume of work, size and duration of the 
project and the previous experience in the particular type 
of work using the particular type of plant. Different 
interpretations of the consequences of these factors will 
cause different assessments for the values of these 
variables. 
Variability may also arise from the level of management 
efficiency and planning skill, both on site and in the 
company generally. 
The several methods used to include the original capital in 
the calculations of the 'all-in' plant rate cause more 
variation. There are three recognised methods, the most 
favoured is the very simple calculation to allow for 
ownership and operating costs. Another method (110) is one 
which uses capital recovery factors from interest tables to 
calculate the interest on finance and uses straight line 
method to calculate depreciation. The third method is the 
Discounted Cash Flow method (D.C.F.) (110) which takes into 
account the timing of cash flows. Abdel-Razek (20) and 
Abdel-Razek and McCaffer (Ill) showed that different 
costs/hour are obtained if these different methods are used 
even though the same assessed values for the individual 
variables are used. Examples of the calculations of all-in 
plant rate using three different methods are given in 
appendix (C). 
5.4 RELIABILITY OF ESTIMATING DATA 
Data for estimating plant costs are obtained from sources of 
varying reliability. It is obvious then, that different 
estimators will assess the variables involved in the 'all-
in' plant rate differently and may also use varying methods 
of calculation. Hence, a number of estimators will produce 
a range of 'all-in' plant rates. The actual cost/hour of a 
plant item will almost always be different from the 
estimated cost. The extent of that difference may be 
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attributed to the sources of the data used, the method used 
in calculation and the subjective assessments which are made 
during the calculations by the estimator. 
5.5 PLANT COST MODEL 
If the principle variables of the 'all-in' plant rate 
calculation were identified and some benchmark values 
suggested then the process of assessment might be 
rationalised to some extent. One of these suggested 
benchmark values is the estimator's own assessments for all 
the plant cost variables. These are, at least what he 
believes to be the closest to reality. A model can then be 
built up by 
a) identifying all the variables and the 
relationships involved in the calculation of the 
in' plant rate; 
inter-
'all-
b) taking the estimators assessments for each of these 
variables; 
c) assuming maximum and minimum possible variations around 
each of the estimators assessments for each variable; 
d) calculating the "all-in" plant rate, using the 
estimators assessment of the variables; and 
e) analysing the sensitivity of the 
variations in each variable 
variables. 
"all-in" rate to the 
and combination of 
This analysis would then give a clear guide to the level of 
variability or inaccuracy inherent in the calculation of the 
"all-in" rate for a plant item in relation to the estimators 
assessments. 
A computer based model was constructed representing the 
purchase of an item of plant for £75,000. Eight key 
variables were identified and included in the model. The 
basic assessments of the key variables were : 
1. Number of worked hours per year 1700 hours 
2. Useful life 4 years 
3. Required rate of return 10% 
4. Allowances for maintenance and repairs 
as percentage of initial cost 
5. Expected resale value as percentage of 
initial cost 
6. Road tax, licences and insurance 
premium / year 
10% 
5% 
E350 
7. Average number of litres of fuel per hour 
and price per litre 
20 lit./ hr. 
EO.30 /litre 
8. Allowances for oil and grease cost as 
percentage of fuel cost 10% 
The cost of transport, temporary site work, cost of 
operating and overheads of business were not included in the 
ana1ysi~ which is limited to the owning and operating costs 
enumerated above. 
The variations in the calculated cost/hour were calculated 
for a range of variations around each one of these variables 
while keeping all others constant. 
This analysis was done by using a simulation program and 
assuming a range of variations in the above basic 
assessments of plus or minus 50%. The results from these 
analyses are presented in the graphs given in figures 19 to 
27. 
5.6 PREDICTING THE LEVEL OF INACCURACY IN THE "ALL-IN" PLANT 
RATE 
As eight variables were identified in the "Model", 
tables and hence eight graphs may be produced. The 
are shown in figs. (19-27), each shows: 
eight 
graphs 
i) the range of possible variations around the assessed 
value for each variable) and 
ii) the levels of inaccuracy in the estimated cost/hour 
caused by these possible variations. 
For example, the maintenance and repairs allowances were 
assessed as 10% of initial cost and the resultant calculated 
cost/hour, is E24.53/hr. If this assessment has a possible 
variation of plus or minus 50% around that assumed then the 
graph in fig. 22 shows that the inaccuracy in the calculated 
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cost/hour is in the range: calculated cost/hour plus or 
minus 8.97%. Whereas, if the assessment has a lesser 
variation of plus or minus 30%, then the possible range of 
inaccuracy will be calculated cost plus or minus 5.38%. 
The above results mean that if the estimator, in assessing 
the allowances for maintenance and repairs is "hesitating" 
between 7% and 13% of initial cost Le. (10% plus or· minus 
30%), and he decides to use an average value of 10% in the 
calculations of the 'all-in' plant rate, then the expected 
range of inaccuracy in his calculated 'all-in' plant rate is 
plus or minus 5.38%, and the possible range of cost/hour is 
calculated cost plus or minus 5.38%, i.e. from £23.26/hour 
to £25.90/hour. 
It also shows that if he was 'hesitating' between 5% and 15% 
of initial cost, for the same variable's value i.e. (10% 
plus or minus 50%), and he decides to use an average range 
of 10%, then the expected range of inaccuracy in his 
calculated cost/hour will jump to plus or minus 8.97%. 
Another useful aspect of these graphs is that they show the 
relative importance of the variables. For example, for the 
same range of variation i.e. plus or minus 50%, but this 
time around the assessed value for the number of hours 
worked/year, gives greater level of inaccuracy in the 
calculated cost/hour. Fig. 19 shows that the range of 
inaccuracy in the calculated 'all-in' plant rate due to 
variations in the hours worked per year is from calculated 
cost minus 24.37% to calculated cost plus 73.18%. 
The same results are given for each of the eight variables 
and are shown in graphs (19-26). Graph (27) shows combined 
results. 
As the data and assessments vary from one plant item to 
another, so will the relative importance of the variables 
vary and the level of estimating inaccuracy arising from 
each variable. This does not invalidate the analysis used 
since it analyses each particular set of data and 
assessments individually. 
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5.7 CONCLUSIONS 
1. Variability in plant cost estimates is caused by the 
different assessments for the values of the variables 
involved in the calculation. Different interpretations of 
the project-related factors which influence the assessments 
of these variables, the level of management efficiency and 
planning skill both on site and in company, and the 
different methods used in the calculations of 'all-in' plant 
rate all combine to produce these different assessments. 
2. Predicting the level of inaccuracy in the estimated 
plant rate is useful to both estimators and 
management in improving estimates. This may be 
using sensitivity analysis and a simulation program 
up an "All-In Plant Rate Model". 
'all-in' 
senior 
achieved 
to build 
3. This "All-In Plant Rate Model" requires the identification 
of the variables involved in the calculation of the 'all-in' 
plant rate and the estimate of the range of possible 
variations around the assumed values for these variables. 
From the given graphs the levels of inaccuracy in the 
calculated 'all-in' plant rate due to: number of hours 
worked/year is from 24.37% to + 73.18%; plant useful life is 
from -14.66% to + 44.54%; required rate of return is from + 
6.24% to - 6.00%; maintenance and repairs allowances is + or 
- 8.97%; resale value is from - 1.11% to + 1.14%, tax 
licence and insurance is from + 0.44% to 0.4%; number of 
litres of fuel consumed/hour is from + 13.4% to 13.41%; and 
due to oil and grease cost is + or - 1.22%. The extent of 
variations in each of the variables being + or - 50% around 
the assumed initial value. 
5. The effect of varying the assumed value of any variable is 
given in the graphs, for example, increasing the assessed 
number of worked hours/year by 30%, that is, from 1700 
hours/year to 2210 hours/year, will reduce the calculated 
cost/hour by 16.87%, i.e., from £24.58/hour to £20.43/hour. 
6. Combining all the graphs together as in fig.27, the relative 
importance of the variables is shown for one set of data. 
The variables which require the greatest attention and care 
are highlighted and a better understanding of where the 
greatest level of inaccuracy may occur can be established. 
The degree of risk which the estimator is taking for any 
range of possible variation around his assessments is also 
evaluated. 
7. In these calculations the assessed values for each variable 
and the percentage of variation are indicative. Adding more 
variables to the analysis, using different values for the 
variables and different ranges of variations will not 
invalidate the analysis. The applications of this type of 
analysis should make it possible to produce progressively 
more accurate estimates for plant cost. 
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6.1 SYNOPSIS 
In the process of calculating the material costs assessments 
for several 
works do no 
are unable 
variations 
calculating 
different variables are made. Current 
more than estimate possible material 
to relate these possible costs to any 
around the assumed assessments 
these possible costs. 
published 
costs but 
possible 
used in 
A computer program was developed to calculate material costs 
and to study the effects of variability in the key 
assessments made by estimators in calculating material 
costs. Four variables were chosen for analysis and the 
results are reported here. The four variables the total 
discount, the allowance for handling, allowance for wastage 
and the allowance for increase in materials prices. The 
effects of variations up to 25% of the basic assessments of 
each of these were analysed. The results were that: 
possible variation in: Could cause variations 
in the estimated 
materials cost: 
Total discounts 
Allowances for handling 
Allowances for wastage 
Allowances for increase in prices 
+ or - 2.78% 
+ or - 1.19% 
+ or - 2.27% 
+ or - 3.26% 
Taking all these variations together and all 
acting in the same direction could cause a 
inaccuracy of -9.18% to + 9.83% in the total 
material cost. 
variables 
range of 
estimated 
This chapter presents these analyses as a description of a 
method whereby the extent of variability in estimated 
material costs may be evaluated. 
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6.2 INTRODUCTION 
The estimation of material costs in any tender is clearly 
an important element and could amount to some 43% of a 
contract's costs (13). Any extreme inaccuracy in the 
estimate of materials costs is likely to affect the outcome 
of the tender and perhaps the profitability of the 
subsequent contract. 
The importance of this was highlighted by Chadwick (112) who 
presented data illustrating that materials represented 51% 
of the cost profile of the construction industry. Chadwick 
also showed that a small percentage cut in material costs 
could bring a sizeable increase in profits. For example a 
2% in materials could increase profits by 14.6%, almost 
double what could be achieved by a 2% cut in overheads. 
Presenting the same information but related to return on 
capital Chadwick (112) illustrated that a 7.5% reduction in 
material costs could increase the return on capital employed 
by 10% whereas a 13.21% cut was required in labour costs or 
a 29.46% cut in overheads. 
The key elements in the estimate of material costs are 
i) cost of material delivered to site; 
ii) cost of unloading and storing; 
iii) allowance for wastage and pilfering; 
iv) allowance for bulking or loss of volume (if any); and 
v) allowance for firm price tender (if appropriate). 
The first 
quotation, 
assessments 
of these elements is normally based on a 
the remainder are usually based on estimators 
based on the data available to him. 
The allowances in materials costs for unloading, storing, 
wastage, change in volume and for firm price tenders can 
only be assessed from a company's recorded data. These 
records will only be relatively accurate if observations and 
feed-back from sites are constantly collected. This 
recorded data must be related to particular sites. Factors 
such as the available storage area, the site area and the 
place and height at which materials were used must be taken 
into consideration in recording the data. 
If these records 
estimators can only 
his assessments. 
are imperfect or not available, the 
use his own experience and judgement for 
An alternative source is estimating books such as 
(13,14,15,105,106,107&108). However, the kind of data given 
in such books is not related to any particular site and yet 
must be adjusted for the factors listed above. 
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If a firm price tender is to be given, the sources of data 
from which the estimator may take some information to use as 
a basis for his assessment for the likely trends in material 
and labour costs are : 
a) Records of wage rates, other labour costs and 
emoluments (13,15&108): 
b) Records of the cost of basic materials (113 & 114): 
c) Industrial negotiations and statutory measures which 
may affect levels of wages on the cost of basic 
commodities: 
d) Building Cost Index and Tender Price Index (113, 
114&115): 
e) Economic and political situations and the state of 
the market (115): 
f) The expected duration of the contract. 
6.3 RELIABILITY OF ESTIMATING DATA AND CAUSES OF VARIABILITY 
Each of the variables listed which are assessed by the 
estimators have different causes of variability giving rise 
to different reliabilities in the assessments. The 
following, given by Abdel-Razek and MCCaffer (116), offers 
some comment on these causes. 
The several available discounts and differences obtainable 
in competition are very important causes of variation in 
material costs. 5% to 10% can be obtained off most trade 
price lists depending on the pricing structure of the 
supplier concerned and the standing of the purchaser, up to 
30% to 40% may, on occasions, be obtained. These, however, 
can be established by the estimator. 
The availability, or lack of it, of a sufficient supply 
delivered at the required intervals is another, indirect, 
cause of cost variation. It will be appreciated that if the 
rate of delivery is insufficient, plant and labour are not 
worked to capacity, and if delivered in overwhelming amounts 
the material will have to be double handled involving! 
additional cost. These can only be assessed by the 
estimator. 
A further cause of variation in material costs arises 
the multiple handling of materials around the site 
reasons such as: restricted working space, access and 
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from 
for 
the 
inefficiency of the site foreman, staff or company 
management in general. The cost of multiple handling is 
difficult to assess, specially as each handling affects not 
only the labour cost of handling but also increases the 
wastage percentage of the material. 
The allowance for wastage of materials is a most difficult 
variable to assess. It is also the most important cause of 
variation in materials costs. This wastage varies from firm 
to firm, from site to site and from one type of construction 
to another. The amount or percentage of wastage depends to 
a great extent on the skill of the buyer, workers, site 
foreman and the efficiency of the firm in general. The 
storage space available on site and the quality and kind of 
material are other important factors. Determining 
r
l,allowances for material wastage, damage, theft and delivery 
:. diS .. c.repancies, .in .. so far as th .. e. y aff .. ect. the. cost of wo. rks. '-r;X; I', is arguably, thEL....m.ost difficult task in th_e_ estimating ,-
r, process. Such a tas kisprooabIY-gr-ea ter'-t:llin is gener ally 
recognised since for some materials this may reach 
particularly high proportions and this aspect must be 
assessed by the estimator and reflected in the cost included 
in the estimate. 
When a firm price tender is to be given, another cause of 
variability occurs. An assessment must be made of likely 
trends in material costs during proposed contract period. 
The extent of this variability depends on the sources of 
information used, the expected duration of the contract and 
more importantly on how the estimator had interpreted this 
information. 
6.4 PREDICTING THE LEVEL OF INACCURACY 
Once having identified the factors that cause variation in 
material costs and by assuming a range of possible 
variations around an assessment for one variable and 
analysing the effect of these variations on the estimated 
material cost the possible level of inaccuracy in this 
estimated cost caused by this single variable can be 
evaluated. 
If this is done by analysing the effect of all factors 
together, by using all different possible combinations of 
factors and variations, the possible range of inaccuracy 
caused by variations in all the assessments for all the 
factors can be predicted. A computer program was developed 
to calculate material costs and to examine the effect of 
variations in each of the assessments made by the 
estimators. 
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The factors involved in the calculation of material costs 
were categorised as 
(a) Quotation variables: 
( i) 
(i i) 
(i i i) 
( i v) 
Trade discounts; 
Cash discounts; 
Quantity discount; and 
Reliable/unreliable supply. 
(b) "On-site" variables: 
( i) 
(i i) 
(i i i) 
(iv) 
(v) 
Unloading; 
Storing; 
Handling; 
Multiple handling; and 
Wastage. 
(c) Firm price contract variables: 
(i) Increase/decrease in material prices. 
To explain the analysis and illustrate the results this list 
of variables was reduced to four as follows: 
(1) Total discounts 
(2) Multiple handling 
(3) Wastage 
(4) Increase/decrease in material prices 
More factors can easily be included in the analyses, 
different assessments for the factors may be used and 
different ranges of variations may be assumed without 
invalidating the analyses. 
To explain the analyses and illustrate the results and 
graphs, an example with four situations is given. All the 
results and graphs shown are extracted from the programme. 
The starting values for the analyses are that the 
assessments for the four factors are as follows: 
Total discounts • • • • 
Allowance for possible multiple handling • 
Allowance for wastage • • • • 
Allowance for increase in material prices 
• 
• 
• 
10% 
5% 
10% 
15% 
If the price of a unit of 
discounts, then the total 
1.19592 x as demonstrated in 
material 
estimated 
table (I). 
Table (I) 
is ·x" before 
cost/unit will 
any 
be 
Calculation of Total Estimated Material Cost / Unit 
FACTORS DEDUCT ADD TOTAL 
Primary quotation before discounts X 
10% Deduction for discounts 
obtainable O.lX 
5% Allowance for multiple handling 0.045X 
10% Allowance for wastage 0.0945X 
15% Allowance for price increase 0.15592X 
Total deductions/additions O.lOX 0.29542X 
Total additions 0.19542)( 
TOTAL ESTIMATED COST/UNIT 1.19542)( 
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6.4.1 Situation (1) 
What would be the maximum range of inaccuracy in the 
estimated cost if the estimator expects a maximum 
possible variation of plus or minus 25% around his 
assessment for wastage allowance and considers that 
there will be no variations around his other three 
assessments? 
Solution 
Fig. (28) shows that for a range of plus or minus 25% 
variation around the wastage assessment the range of 
inaccuracy in the estimated cost is plus or minus 
2.27%. 
6.4.2 situation (2) 
What would 
estimated 
variation 
variation 
Solution 
be the maximum ranges of inaccuracy in 
cost if a range of plus or minus 
occurs in anyone assessment with 
in the other three assessments? 
the 
25% 
no 
From the graphs in fig. 29 for a variation of plus or 
minus 25% around "the total discounts assessment" the 
range of inaccuracy in the estimated cost will be 
estimated cost plus or minus 2.78%. For a plus or 
minus 25% variation around the "multiple handling 
assessment", the range of inaccuracy will be 
estimated cost plus 1.19%. From the same figure for 
plus or minus 25% variation around the assessment of 
"increase of material price", the range is estimated 
cost plus or minus 3.26%. 
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6.4.3 Situation (3): 
"THE MAXIMUM POSSIBLE RANGE OF INACCURACY" 
what would be the maximum ranges of inaccuracy in the 
estimated cost if variations of plus or minus 25% 
occur in all assessments, i.e., the maximum effect of 
all variables together. 
Solution 
The maximum level of inaccuracy occurs when all 
variations fall toward one direction, i.e. when 
allowances for wastage increase, multiple handling 
increases, material prices increase and the total 
discounts decrease. By analysing these ranges of 
variations and relating the effect to the estimated 
material costs, the maximum possible level of 
inaccuracy may be obtained. 
Fig. 30 illustrates that if the range of variation 
around all the four assumed assessments is plus or 
minus 25%, the maximum possible inaccuracy in the 
estimated cost will be in the range (estimated cost -
9.18%) to (estimate cost + 9.83%). 
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6.4.4 Situation (4): 
"THE POSSIBLE AVERAGE RANGE OF INACCURACY· 
What is the predicted average range of inaccuracy in 
the estimated cost if variations of plus or minus 25% 
occurs around all assessments? 
Explanation 
Each material handling increases the wastage 
percentage of the material. The reliability / 
unreliability of supply might effect the handling and 
rehandling of material as well as the wastage of 
materials. The differences obtainable in competition 
might be affected by the trend of material prices. 
On the other hand there is no relation between 
allowances for wastage or multiple handling and the 
trend of material prices. Likewise, there is no 
relation between the cash discount, quantity discount 
differences obtainable in competition and the 
allowances for handling, multiple handling or wastage 
of material. It is possible, therefore, to a certain 
extent that some of the variations might tend one way 
and some variations might tend the other, i.e. where 
some assessments are underestimated others are 
overestimated. Studying the site circumstances, 
paying regard to market movements and economic 
situations and using well kept records the possible 
direction in which each of the assessments is likely 
to tend may be predicted. 
This situation is chosen for demonstration purposes. 
It is assumed that where the allowances for multiple 
handling, wastage and increase in material price are 
overestimated the discount obtained is 
underestimated, and where the discount is 
underestimated the other three assessments are 
overestimated. 
Solution 
Fig. 31 shows 
variations in 
inaccuracy in 
(estimated cost 
that for a range of plus or 
the assessments the AVERAGE 
the estimated material cost 
- 3.06%) to (Estimated Cost 
minus 25% 
range of 
is from 
+ 2.9%). 
Fig. 32 show the relations between the maximum and 
average range of inaccuracy for the same level of 
variations around the assumed assessments. 
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6.5 CONCLUSIONS 
1. The factors in the calculation of materials costs may be 
categorised as : 
(a) Quotations variables: 
trade discounts; 
cash discounts; 
( i) 
(ii ) 
(ii i) 
(iv) 
quantity discounts; and 
reliable/unreliable supplies. 
(b) On -si te var iables: 
( i) 
(ii ) 
(i ii) 
(iv) 
(v) 
unload'ing; 
storing; 
handling; 
multiple handling; 
wastage. 
and 
(c) Firm price contract variables: 
(i) increase/decrease in material prices. 
2. Many of these factors 
assessments. 
rely on the estimators own 
3. A computer program was developed to calculate material costs 
and to study the effect of variations in the individual 
variables on the estimated material cost. 
4. Four factors were chosen for study, these were "total 
discounts"; "allowances for handling"; allowances for 
wastages"; "increase/decrease in materials prices". The 
allowances in the estimated materials cost assumed as a 
starting point for these were 10%, 5%, 10% and 15% 
respectively. Given a basic price delivered to site of "x" 
these allowances would produce a total estimated cost of 
l.l9542X. 
5. Variations of plus or 
were studied in turn. 
32 were as follows 
minus 25% of these assumed allowances 
The results presented in graphs 28 to 
Variations in 
Total discount 
Allowance for handling 
Allowance for wastage 
Allowance for increase/decrease 
in material prices 
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Resultant variation in 
estimated material cost 
plus or minus 2.78% 
plus or minus 1.19% 
plus or minus 2.27% 
plus or minus 3.26% 
6. Assuming all the + or - 25% variations in these allowances 
fell in the same direction then the resultant variation in 
the estimated materials costs was from -9.18% to + 9.83%. 
7. Assuming that the possible variations around the assessments 
of the four factors do not fall in the same direction and 
that some of the variations fall toward one direction and 
some toward the other, the possible level of estimating 
inaccuracy can be predicted. For example, if the allowances 
for multiple handling, wastage, and increase in material 
price are over estimated by 25%, and the discount obtained 
is underestimated by 25% the resultant inaccuracy in the 
estimated material costs is - 3.06%. Where the discount is 
underestimated the other three assessments are overestimated 
the estimated inaccuracy is + 2.9%. 
8. In these calculations the assessed values for each variable 
and the percentage of variation are indicative. Adding more 
variables to the analysis, using different values for the 
variables and different ranges of variations will not 
invalidate the analysis. 
9. The above analyses and results are intended to describe a 
method whereby estimators can evaluate the extent of 
variability in their calculated estimated costs. The 
applications of this type of analysis should make it 
possible to produce progressively more accurate estimates 
for material costs. 
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7.1 SYNOPSIS 
This chapter illustrates the extent to which the use of sub-
contractors has grown in recent years by reviewing 
the growth of small firms, who in the main act as sub-
contractors. In five years, 1979 to 1984, the number of one 
man firms has grown by 136%, and the value of work done by 
them has grown by 254%. Furthermore, all firms employing 
seven or less workers have grown by 94% in number and the 
value of their work has grown by 143%. The value of work 
being undertaken by firms employing seven or less workers 
represents 24.7% of the total of private contractors work 
undertaken in 1984 compared with 14.1% in 1979. The effects 
of this change on the estimator are described with 
particular reference to attendances, materials wastage and 
disruptions. The conclusion is that the estimators task has 
been made more difficult by the changes in industry 
structure. 
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7.2 THE CHANGE IN THE STRUCTURE OF THE CONSTRUCTION INDUSTRY 
The recession in the construction industry's level of 
economic activity has created severe competition. This has 
required companies to submit tighter tenders. The need to 
submit tighter tenders has been met by obtaining tighter and 
tighter quotations from sub-contractors. The success of 
this approach has stimulated the larger companies to a 
greater use of sub-contractors with a consequential 
reduction in their own labour force. The sub-contractors in 
turn have been employing labour on a self-employed basis as 
they endeavour to respond to the ever increasing demands for 
"tighter" quotations. 
Additionally the larger contracts require specialist work 
and the specialist sub-contractors are an essential element 
in every complex construction project. Fig. 33 shows that 
for firms of all sizes the number of specialists firms has 
grown faster than any other trade in the construction 
industry. Over a period of 10 years 1974 to 1984 they 
increased by 91%, whereas, general builders by 75%, building 
and civil engineering contractors by 61%, and civil 
engineers by 30%. Fig. 34 confirms that the number of 
specialists firms has grown faster than all other private 
contractors firms together. All graphs and figures in this 
chapter are based on data extracted from ref. 117 and 118, 
notes on all these graphs are given in appendix (K). 
7.2.1 Number of Firms 
The national statistics give added evidence that 
major structural changes have taken place in the 
construction industry. For example, Fig. 35 shows 
that in the five years 1979 to 1984 the total number 
of firms employing more than 7 have decreased. The 
number of large firms employing 300 to 599 has 
decreased by 37% and the number of firms employing 8 
to 13 has decreased by 25%. In the same period of 
five years the number of small firms registered in 
the construction industry grew quite spectacularly. 
The number of one man firms rose by 136% a 
substantial rise by any measure. The number of firms 
employing 2 to 3 increased by 82%; the number of 
firms employing 4 to 7 increased by 44%. The total 
number of firms employing up to 7 workers rose from 
78,808 to 153,000 or 94%. Data relating to firms in 
the size ranges 80-114, 115-299 and 600-1199 have 
been omitted from Fig. 35 as they all lie within the 
envelop of data presented which was chosen as 
representative. 
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Fig. 36 presents the data for the longer period of 
ten years 1974 to 1984 and this again shows the 
number of one man firms grew faster than all other 
firms employing more than one. Fig. 37 confirms that 
over the longer period of ten years the number of 
smaller firms employing 1 to 7 increased by 116% 
whereas the number of larger firms decreased by 23%. 
7.2.2 Employment 
Fig. 38 shows. that although the total number of 
private contractors firms has increased by 82% in ten 
years, .1974 to 1984, the private contractors total 
employment has decreased by 19%. By breaking down 
these figures a better understanding of the scope of 
the structural change in the construction industry 
may be achieved. Fig. 39 shows that in the period of 
five years 1979 to 1984 employment in all firms 
employing more than 7 has decreased. For example, in 
firms of 300 - 599 employment has decreased by 39%, 
and even in firms of 8 to 13 employment has also 
decreased by 18%. In small firms employing up to 7 
the story is not the same. In firms of 1 employment 
rose by 136%, in firms of 2 to 3 by 72% and in firms 
of 4 to 7 by 28%. The total employment in firms 
employing up to 7 rose from 198,500 to 317,600 or 
60%. As in Fig. 35 data for firms in the size range 
80-114, 115-299 and 600-1199 have been omitted. 
Fig. 40 presents the data for the longer period of 
ten years 1974 to 1984, and this shows again that the 
total employment in firms employing just 1 rose 
faster than all other firms. 
Fig. 41 confirms that over the same 
years the total employment in smaller 
up to 7 increased by 79% whereas 
firms, 8 and over, decreased by 35%. 
100 
period of ten 
firms employing 
in the larger 
Fig.36 Change of Number of Private Contractors Firms (UR) 
Comparison between one man firms and all others 
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7.2.3 Value of Total Work Done 
Fig. 42 shows that in the five years period 1979 t~ 
1984 the value of work done by small firms grew quite 
spectacularly. For one man firms the value of work 
done grew from £97.8 million in 1979 to £346.6 
million in 1984, i.e. by 254%: for firms of 2 to 3 by 
109%: and for firms of 4 to 7 by 133%. The value of 
total work done by firms employing up to 7 rose from 
£593.9 million in 1979 to £1446 million in 1984, a 
rise of 143%. Again as in Figs. 35 and 39 data for 
firms in the size range 80-114, 115-299 and 600-1199 
have been omitted. 
Fig. 43 presents the data for the longer period of 
ten years 1974 to 1984 and this again shows that the 
value of work done by one man firms rose by 896% an 
extraordinary rise by any standards. This is a rise 
in value from £34.8 million in 1974 to £346.6 million 
in 1984. This compares with a rise of only 170% by 
all other private contractors firms which is an 
increase in value from £2039.3 million in 1974 to 
£5506.1 million in 1984. 
Fig. 44 confirms that over the longer period of ten 
years, 1974 to 1984, the value of work done by firms 
employing up to 7 rose from £240.9 million to £1446 
million, a rise of 500% compared with 140%, from 
£1833.2 million in 1979 to £4406.7 million in 1984, 
by all other firms. 
The market conditions which have precipitated this 
change are presented in Fig. 45 which shows the new 
orders and output for the industry from 1960 to 1985. 
This data is presented over a larger time scale as 
the industry's change in "structure" is not 
instantaneous and the demand placed upon the industry 
in the years leading up to the decade under scrutiny 
is a relevant factor. What this shows is that an 
industry that is reputedly notorious for its 
conservatism and reluctance to change has, in fact, 
shown the capability to respond to major and rapid 
shifts in demand. The result is greater use of sub-
contractors and consequential changes in the 
practices and management of the surviving companies. 
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7.3 THE INDUSTRY'S STRUCTURAL CHANGES AND ESTIMATING PRACTICE 
An estimator's task is to estimate the cost of executing the 
contract to his company. In calculating the costs, 
procedures and practices have evolved that achieve this to 
the satisfaction of the companies. These practices have 
evolved over many years and have through a process of 
evolution become relatively refined, carefully guarding 
against silly mistakes, errors of omission and minimising 
the inaccuracy in the resultant calculation. Examples of 
these refined practices would be the calculation of the 
"all-in" labour rate which is done, in most companies, with 
meticulous care or the calculation for the unit rate of say 
bricklaying. The areas of judgement in the traditional 
practice of estimators largely rests in the output rates of 
labour and plant. Here most companies have made 
considerable efforts to record output. The causes of 
inaccuracy in estimating have therefore been identified and 
addressed·1 NO ! V 
The causes of inaccuracy in estimating the cost of a job 
which is carried out by using sub-contractors and sub-
contract labour are clearly different than those when using 
the company's own labour and plant. Prima facie the use of 
sub-contractors would suggest that the risk is also sub-
contracted but this is only partly true and there remains a 
number of areas that the estimator has to consider. 
The trend towards the use of sub-contractors implies that 
the relative importance of the areas of risk associated 
with using sub-contractors has increased. This risk is 
acknowledged by contractors who rely on their vetting and 
selection procedures to reduce it to acceptable levels. The 
contractor who bases a tender on a sub-contractors quotation 
merely because it was the lowest would only have himself to 
blame if the project goes wrong. However, the increase in 
the relative importance of risk associated with sub-
contractors has not yet reflected itself in the literature 
that generally supports the work of estimators. The 
following sections briefly reviews these risk areas. 
7.3.1 Attendances 
Estimating attendances when comparing and selecting 
sub-contractors is taking a greater priority in 
estimating work. Not all quotations are consistent 
in the attendance requirement and comparing the 
simple quotations is inadequate. Very often a sub-
contractor will by negotiation take on more onorous 
attendances within his price. Estimating 
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attendances may in itself 
contract or indeed in 
contract profitably. 
7.3.2 Haterials 
prove critical in winning a 
being able to execute a 
The importance of material costs was highlighted by 
Chadwick (112) who presented data illustrating that 
materials represented 51% of the cost profile of the 
construction industry. Chadwick also showed that a 
small percentage cut in materials costs could bring 
sizeable increase in profits. For example a 2% cut 
in materials could increase profits by 14.6%, almost 
double what could be achieved by a 2% cut in 
overheads. 
Skoyles (119) showed that waste on building sites in 
the U.K. represents a considerable loss of the 
nation's resources. In the housing field alone the 
losses, if applied to the 1974 housing output, would 
be sufficient to provide about another 13,000 
dwellings per year. 
The estimating of material cost in any tender is, 
therefore, an important element and any extreme 
inaccuracy in their estimates is likely to affect the 
outcome of the tender and the profitability of the 
subsequent contract. Furthermore, it is obvious that 
any appreciable waste is a significant item of cost 
and represents a great loss to both the nation's 
resources and the main contractor. 
Several writers, such as Mudd (17), Abdel-Razek and 
McCaffer (116) and Fletcher (120) have defined the 
factors that cause variations in material costs: 
explained how wastage occurs, and attempted to 
provide guidance on how to obtain the "real' cost of 
materials. Many estimators have established within 
their companies "standards' or "norms" for wastage of 
materials. These standards however are largely based 
on their experience with their own labour or where 
their own labour had a larger share of the work. 
There is potential for the wastage rates to rise with 
the use of many labour only sub-contractors, whose 
desire to complete the work as soon as possible is 
high. Thus the materials wastage allowance is likely 
to be a growing factor in the accuracy of an 
estimate. This may be obviated by tighter materials 
control, or in some cases passing the responsibility 
for purchasing materials to sub-contractors with 
agreed limits as to quantity. 
113 
7.3.3 Output 
The greater use of sub-contractors has reduced the 
importance of one of the estimators most difficult 
tasks of estimating labour and plant outputs. 
However, the task is not completely removed, 
companies do still employ their own labour and 
even this lessening of the estimators burden has been 
partially offset by an increase in other 
difficulties.. These difficulties lie in quantifying 
the consequences of sub-contractors who prove 
unreliable and fail to complete their work or disrupt 
the sequence of work. A sub-contractor who tackles 
the straight forward work while failing to complete 
the perhaps smaller but difficult elements can cause 
disruption. The sub-contractor who is slow, starts 
late, finishes late can cause disruption. 
The contractor may not actually suffer any financial 
loss within the specific sub-contract but he is left 
to face the consequences of the disruption. 
Evaluating the effects of potential disruption for 
the purposes of a claim against the sub-contractor is 
difficult. Evaluating the effects of potential 
disruption at the estimating stage is more so. As a 
result there now seems to be much more effort in the 
"back rooms" of companies devoted to trying to 
determine how this potentially costly element can be 
evaluated. The use of computer simulations are now 
being considered. Potential disruptions are now 
certainly a major factor in determining the accuracy 
level of estimators as measured by the difference 
between estimated cost and the actual costs. 
However, in these competitive times estimators tend 
to rely on their vetting procedures assessing the 
sub-contractors record rather than explicitly 
allowing for potential disruption. 
7.3.4 Management Control and Efficiency 
Site management control and efficiency have always 
been a major factor affecting the level of estimating 
accuracy. When a job loses money and the 
discrepancies between estimates and actuals are large 
enough for an internal enquiry the estimators and the 
site managers can blame each other. Site management 
got it wrong, or the estimators got it wrong, have 
down the years been equally valid and equally 
unprovable. The greater use of sub-contractors 
retains the importance of the site management team 
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but has altered the nature of site management. The 
control and organisation of the arrival, departure 
and interactions of many sub-contractors has had to 
be developed in companies that were previously used 
to making their major efforts in controlling their 
own labour. Squeezing more productivity out of the 
company's own labour force and ensuring that sub-
contractors perform, on time, with good quality 
workmanship and dovetail into the other activities on 
site has changed the role of general foreman and the 
site agents. It has always been true that all things 
being equal the success of a contract is determined 
by the quality of the site management team. The 
greater use of sub-contractors does not change this 
but has changed how it must be achieved. 
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7.4 CONCLUSION 
The extent to which construction companies are now using 
sub-contractors and labour only sub-contractors is shown in 
the statistics describing the structure of the industry. 
The growth in one-man firms of 136% by number, 254% by value 
of work done and of 136% in number employed in five years, 
1979 to 1984, and the strong growth in firms employing seven 
or less of 116% by number: 500% by value of work done and of 
79% in number employed in ten years, 1974 to 1984, coupled 
with the fact ~hat over the same period of ten years, 1974 
to 1984, the bigger firms employing 8 or more have decreased 
by 23% in number and by 35% in the number employed shows 
that labour has been leaving the larger companies and 
setting up on their own. 
The force that has caused this is the recession in demand 
which has increased competition and meant that the large 
companies cannot guarantee continuity of work and has forced 
tighter tenders. The tighter tenders have been achieved by 
more sub-contractors supplying tighter quotations. In other 
words the larger companies have endeavoured to sub-contract 
the risk inherent in tight tenders. This in turn has 
changed the risk areas in the estimating process which is 
now in areas such as estimating attendances, materials 
wastage and in assessing the risk inherent in disruptions 
caused by sub-contractors who fail to perform adequately. 
The evaluation of this disruption is probably the 
estimator's largest current difficulty equating to or 
exceeding estimating their own labour forces output but with 
less reliable data on which to base their assessments. 
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8.1 SYNOPSIS 
Sub-contractors delays and extensions of time which in turn 
disrupt the overall projects schedule are amongst the most 
difficult factors to estimate in terms of cost and time. 
This chapter presents an analysis which is available to 
estimators to quantify the cost and time of some sub-
contractors disruption. It uses a small project comprising 
three sub-contractors, namely, steelfixing, formwork 
carpenters, and concreters constructing a long reinforced 
concrete retaining wall to illustrate the analysis. Graphs 
of extensions of time by sub-contractors against overall 
increase in project duration and costs are produced to 
illustrate the output of the analysis produced. 
117 
8.2 INTRODUCTION 
Major structural changes have taken place and continue to 
take place in the construction industry. These changes show 
a confirmed trend towards more sub-contractors in the 
construction industry as illustrated in chapter (7). The 
success with which sub-contractors are managed is a vital 
faclor in ensuring successful completion of most projects. 
If the efficiency of a main-contractor is to be increased it 
is important to improve the level of accuracy in estimating 
sub-contractors costs. There are several factors that affect 
the level of inaccuracy in estimating sub-contractors costs 
such as: the details given in enquiries to sub-contractors, 
the basis of comparing and selecting sub-contractors, the 
type of agreement between main-contractor and sub-
contractors, the level of accuracy in assessing attendances, 
the level of efficiency in planning and controlling the 
sub-contracted work and the standard of site supervision, 
etc. These factors are illustrated in fig. 8, chapter (3). 
The effect of these factors is to extend the sub-contractor 
duration. The effect of extension is to disrupt the project 
schedule. The difficult task is to quantify the time and 
cost implications of these disruptions. The analysis 
presented in this chapter is a description of a method 
whereby the effects of sub-contractors' disruption on a 
project's estimated cost and overall duration can be 
quantified. 
8.3 CONSEQUENCES OF SUB-CONTRACTORS' DISRUPTIONS 
If, for any reason,a sub-contractor took more time, than it 
was planned to complete his work what would be the effect of 
that on: other sub-contractors' works; the main-contractor's 
work; and the project's overall duration? Consequently, what 
would be the effect of that on the project total estimated 
cost? What is the effect of the level of sub-contractors' 
disruptions on the level of estimating inaccuracy? 
The effect of disruptions and delays are not direct and 
clear to quantify, the reason being that if one sub-
contractor, out of several in one project, took "x" days 
more than it was originally planned to complete his work, 
the cost of these "x" days to the main-contractor is not 
necessarily the overhead cost of these "x" days only. These 
"x" days must be examined together with all other activities 
involved in the project to find out its effect on : other 
sub-contractors work; the-main-contractor work; and the 
total delay in the project duration. If more than one sub-
contractor delayed in completing one or more of his 
activities the situation is more complicated, and, if the 
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main-contractor delayed as well in executing his attendances 
it is even more complicated to analyse and quantify. 
Current published works such as (5,121,122,123,124&125) do 
not specifically predict the level of inaccuracy in both 
overall duration and total estimated cost of a project due 
to possible disruptions and delays by sub-contractors taking 
part in that project. For example ,an estimator or estimator 
and planner may arrive at an estimated cost for a project 
assuming an assessed duration of (X); (Y);and(Z)days for sub-
contracted work involved in the project, should these 
durations increase to say: (X+xl); (Y+yl); and (Z+zl) days 
respectively, it is difficult to quantify the effects of 
these variations on both the project overall duration and 
total estimated cost of a project. 
8.4 SUB-CONTRACTORS COST MODEL 
If some yardstick is created to which they could be related 
to the estimated cost of sub-contracted works, then the 
process of estimating sub-contractors' cost might be 
rationalised to some extent. One way to determine this 
yardstick is to use estimator's (or estimator's and 
planner's) assessments for durations of all sub-contractors 
and other activities in a project and construct a network 
diagram representing the basis in which the project cost was 
estimated. Having determined the early start and finish, 
late start and finish for each activity; and the project 
overall duration, the effect of a range of possible 
variations for each sub-contracted activity duration in the 
network can be analysed. The aim of this analysis is to 
predict the effect of sub-contractors' disruptions on the 
assessed overall project duration and on the other 
activities involved in the project • By studying the 
conditions of each main-contractor - sub-contractor 
contract these predicted effects in time terms can be 
translated into money terms. This in effect to study the 
sensitivity of the overall project duration and the total 
estimated cost to variations in the degree of sub-
contractors' disruption. The three steps in creating a sub-
contractors cost model are to: 
a) Construct a network diagram based on the estimator's 
assessed durations and sequences of sub-contractors' 
activities. 
b) Analyse these activities in a way that shows clearly 
the relationships between: 
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i) different degrees of possible variations 
around the estimator's assessments for each 
activity or group of activities durations and; 
ii) all other 
contractor's 
duration of 
by using 
packages. 
sub-contractors' or 
activities; and the 
the project. This may 
one of the available 
main-
overall 
be done 
planning 
C) Depending on individual project circumstances, which 
are known, such as: contract conditions; the 
proportion of sub-contracted work to total work; 
total project value; value of each sub-contract; 
main-contractor overheads; attendances; etc., the 
consequences in time terms can be translated to 
money terms. 
8.5 APPLICATIONS 
Five situations based on an example project are used to 
explain the analysis and illustrate the results. It is 
proposed to consider a project for constructing a simple, 
but long, reinforced concrete retaining wall (126). Suppose 
three sub-contractors are chosen to do the work; 
steelfixing; formwork; and concreting. Assume that the plan 
of executing the work is by dividing the wall up into a 
number of lengths so as to provide, as far as possible, 
continuity of working for the subcontractors selected to do 
the work, as well as to break the work down into four areas 
which can be dealt with more easily. A network diagram 
has been constructed for this simple project and only three 
trades have been considered in the light of splitting the 
wall into four sections, as shown in fig. 46. When the 
diagram is examined, it will be seen that initially the 
reinforcement for the first section (AI) is fixed by sub-
contractor(A). The duration of this activity is two working 
days. After sub-contractor(A) completes the fixing of the 
reinforcement, the formwork for the first section of the 
wall (Bl) can be erected by sub-contractor (B) having a 
duration of 4 days, and the steel fixing sub-contractor can 
work in the second section of the wall. The second 
operation of the steel fixing sub-contractor is represented 
by activity (A2). similarly, the concreting sub-
contractor, (C) , whose activity duration is one day, can 
start when sub-contractor(B) completes his formwork and his 
carpenters can now move to erection of formwork for the 
second section (B2). 
The dummy arrow 3-5 is inserted between events 3 and 5 to 
indicate that the erection of the formwork for the second 
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section depends upon the completion of the fixing of the 
reinforcements for that section. The whole project plan is 
represented over the four sections of the wall by the 
complete diagram fig. 46, and it will be noted that the 
overall duration for the project is nineteen days. 
As mentioned before, depending on individual contract 
circumstances which are known to the main-contractor e.g. 
sub-contractors contract conditions, client - main-
contractor contract conditions,etc. The consequences of 
subcontractors' disruptions in time terms can be translated 
into money terms. For simplicity and illustrative purposes 
the followings are assumed in the five situations below. 
Any other assumptions will not invalidate the approach. 
a) The estimated cost of the project is based on the 
network diagram fig.46, and all the information given 
in this schedule were given to all sub-contractors. 
All agreed to start their activities at the earliest 
possible time. 
b) Everyone day delay in the project planned duration 
(19 days) shall cost the main-contractor 3% of the 
project cost. These costs arise from: main-
contractor's general overheads; site on costs; 
attendances; and penalty to the client. 
c) The cost of steel-fixing; formwork; or concreting is 
one-third the project total cost. When a sub-
contractor cannot start his activity due to other 
sub-contractor's or main-contractor's disruption, 
the cost to the main-contractor is 3% of this sub-
contractor's contract cost per day, that is 1% of 
the total project costs per day. 
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SUB.CONTRACTOR TYPE OF SYMBOL OF DURATION TOTAL 
SYMBOL WORK ACTIVITY OF EACH DURATION ® SINGLE ON SITE ACTIVITY (DAYS) 
(DAYS) 
A EllENT A1 to A4 2 8 1.EVENT No. 
B 
-
B1 to B4 4 16 2. £AAl.IEST START TI1£ 
( ctH:Rt:Tt (1 to (4 1 4 lUTEST START Tt1£ 
FiQ. 46 Plan (I) 
The basis of the project estimated cost. 
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8.5.1 Situation (1) 
Formwork and concreting sub-contractors and their 
main-contractor have no disruptions. If the 
steel fixing sub-contractor took: one; two; three; or 
four days more than the planned duration of two days 
allocated to him to complete each of the four parts 
of the wall (i.e. degree of disruption was: 50%; 
100%; 150%; or 200% as a percentage of the planned 
duration of 2 days), what would be the quantified 
effect on both the project's overall duration and the 
project's total estimated costs? 
By adjusting the plan, presented by the network 
diagram fig. 46, for these assumptions, the 
consequences on other sub-contractors activities and 
project overall duration are obtained as presented in 
table (II). 
Table (11), shows that the project overall duration 
would increase by: one; two; six; and ten days 
respectively. It also shows that the formwork and 
concreting subcontractors would have to shift their 
commencing dates by: one; two; six; and ten days 
respectively. 
The quantification of these consequences are also 
shown in table (11), and illustrated graphically in 
fig. 47. For 50 % ; 100%; 150% ; and 200% 
disruption by the steelfixing sub-contractor, the 
overall project duration would increase by: 5.26%; 
10.53%; and 52.63% respectively. From the same 
figure, the total cost increase to the main-
contractor as a percentage of the total project 
estimated cost would be: 5%; 10%; .30%; and 50% 
respectively. 
The graphs in fig. 47, show also the percentage 
increase in the project overall duration and total 
cost due to several different degrees of disruptions 
by subcontractor (A), i.e., steelfixing sub-
contractor. 
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Tabl. (11)- Plan (I) 
Assunlptjon~: Constqutnces and Quantifications 
of Sub-Contractors D,sruption. 
(11 (1) (2) (31 (4) 
I H ..... umed Ilevlsed Consequencel on network QUantification ot - " " .. 4 0 leg re. sub-con .11.".... • disruption ~ ..... . ~ 
" ~ 110., "" of lub- tractor " " ~ " n Delay to other lub- Extens. Increase Increase " "'6 contrac. duratio In ove",' 0 ~~ I~ Ion In 'In total u tor dla ~ .. ·n Conc« overall project project Qjl ruptlon Steel. Form. ~3 J;: c fixing work· tlng' project duratlcn coat 10 
days day \ days day. days days days \ \ 
8' 
50 12 - 1 1 1 5.26 5 
... 
.!I 8 100 16 - 2 2 
2 10.53 10 
.. 19 
.. 
£ 150 20 - 6 6 6 
31.58 30 
en 200 10 24 - 10 10 52.63 SO 
SO 24 0 - 8 8 42.11 32 
100 32 0 - 16 16 84.21 64 
~ 19 16 
~ 150 40 0 - 24 
24 126.32 96 
200 48 0 32 32 169.42 128 ~ -
• ·100 8 0 
" 
0 . 1 5.26 3 
• 19 4 .. 
S 200 12 0 0 . 2 10.53 6 
(1) See network dlagraJI, rig. 46 (2) Number of actlvltle. x duration of each activity (daye) 
(3) Percentage of original plaMed duration 
(4) Total duration 9.n .Ite al a cau.e ot disruption (daye) 
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8.5.2 Situation (2) 
Steel-fixing and concreting sub-contractors and their 
main-contractor have no disruptions. If formwork 
sub-contractor took two; four; six; or eight days 
more than the planned duration of four days 
allocated to him to complete each of the four parts 
of the wall.(i.e. degree of disruption was: 50%; 
100%; 150%; or 200%). What would be the effect on 
the project's completion time and on the project's 
estimated costs ? 
Table (II) shows these assumptions, the consequences 
on other sub-contractors activities, and on the 
project overall duration. It shows that if the 
degree of disruption was 50%; 100%; 150%; or 200%, 
the project overall duration would increase by: 8; 
16; 24; or 32 days respectively. It shows also that 
the steelfixing and concreting subcontractors would 
have to shift their commencing dates by: two; four; 
six; or eight days respectively. 
The quantification of these consequences are shown in 
table (II), and illustrated graphically in fig. 48. 
The graphs show the percentage increase in the 
project duration and in the estimated cost due to 
several different degrees of disruption by sub-
contractor (B), i.e., formwork sub-contractor. 
For 50%; 100%; 150%; and 200% disruption by formwork 
sub-contractor the estimated overall project duration 
would increase by: 42.11%; 84.21%; 126.32%; and 
168.42% respectively. For the same degree of 
disruptions the total project cost would increase 
by: 32%; 64%; 96%; and 128% of the total project's 
estimated cost respectively. 
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8.5.3 Situation (3) 
Same assumptions as the previous situation, but the 
concreting subcontractor was the one who caused 
disruptions. What would be the effect on the 
project's overall duration and total estimated cost? 
Table (11), 
assumptions on 
and on the 
quantification 
the same table 
shows the consequences of these 
the other sub-contractors activities 
overall project duration. The 
of these consequences are given in 
and presented graphically in fig. 49. 
Table (11), shows that if the degree of disruption 
was 100% the project overall duration would increase 
by only one day ,that is, 5.26%. If the disruption 
was 200% the increase would be tow days. that is, 
10.52% • It also shows that the steelfixing and 
formwork sub-contractors would not be affected by 
these disruptions, their commencing dates would still 
be the same as planned. 
The graphs in fig. 49 show the percentage increase 
in the project overall duration and in the estimated 
cost due to several different degrees of disruption 
by sub-contractor (C), i.e., concreting sub-
contractor. They show that the total cost increase 
to the main-contractor as a percentage of the total 
project's estimated costs would be 3% if the 
disruption was 100%; and 6% if the disruption was 
200% • 
128 
:;J, 
.... 
OIL/ 
.... :1: 
z~ 
-, 
W .... 
VI VI 
<0 Wu 0:: 
u .... 
Zu 
-ILl 
W"" ~O 
~o 0:: 
0' Cl. 
50 __ -------------------------, 
40 
30 
20 
10 j'tIE_ _ rOST 
--
-0.0 SO 150 200 U m S %GE EXTENSION OF SUB-CONTRACTOR' 
DURATION 
Fio.49 Quantification of Concreting Sub-contractol"s Disruption 
in Tim~ and Cost. 
129 
8.5.4 situation (4) 
What is the relative importance of each of the three 
sub-contractors involved in the project ? 
The graphs in fig.50, quantify the effect of each 
sub-contractor's disruption for different several 
degrees of disruption. The quantifications are given 
in these graphs in time terms, i.e., the effects are 
expressed as percentage of the overall project's 
planned duration. For example, for 50% disruption: 
steel fixing sub-contractor will cause an increase in 
the overall project duration by 5.26 % 1 formwork 
sub-contractor by 42.11 %; and concreting sub-
contractor by about 2.6 % • 
The graphs in fig. 51 quantify the relative 
importance of each of the sub-contractors in money 
terms. They show that for a 50 % disruption: 
steel fixing sub-contractor will cause an increase in 
the total project cost by 5 % ; formwork sub-
contractor by 32 % ; and concreting sub-contractor by 
1.5 % • 
Explanation 
In the project network plan, fig. 46, the critical 
path follows the path 1-2-4-5-6-9-10-12-13-14 and 
passes through the formwork sub-contractor's work for 
most of its path. This sub-contractor is taking four 
days to erect the formwork on a particular section of 
wall and, therefore, longer than the time required 
by any other sub-contractor. Because of this the 
formwork sub-contractor has the most influence on 
both the project completion time and the estimated 
project cost, followed by the steelfixing sub-
contractor and lastly the concreting sub-contractor. 
If we change the planned durations for some 
activities the relative importance of sub-contractors 
can obviously change. The relative importance of sub 
contractors, therefore, are not constant. This is 
demonstrated in the next situation. 
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8.5.5 Situation (5) 
Assume the assessed durations for the three sub-
contracted works were steelfixing, sub-contractor 
(A), 6 daysl formwork, sub-contractor (B), 4 daysl 
and concreting, sub-contractor (C), 2 days for each 
of the four part wall. If only one sub-contractor 
has a possible degree of disruption of:50 % 1 100 % 1 
150 % 1 and 200 %, what will be the effect of this 
disruptions on the project's estimated completion 
time and on the project's estimated costs? What is 
the relative importance of each of the three sub-
contractors in respect to time and money ? 
The new plan (plan 2) is represented over the four 
sections of the wall by the complete network diagram 
fig. 52, and it will be noted that the overall 
duration for the project has now increased to thirty 
days. Table (Ill) shows the consequences on the 
other sub-contractors activities, overall project 
duration and quantification of these consequences. 
Fig. 53 shows the increase in project duration caused 
by disruption of each of the three sub-contractors. 
This also demonstrates the relative importance of 
each of the three sub-contractors in relation to the 
project overall duration. For example, for a 50 % 
disruption: steelfixing sub-contractor will extend 
the project's overall duration by 40 % 1 formwork 
sub-contractor by 6.67 % 1 and concreting sub-
contractor by 3.33 % • 
Fig. 54 shows the effects and relative importance of 
disruption in money terms. For example, for a 50 % 
disruption steel fixing sub-contractor causes an 
increase in the total project estimated cost of 60 %1 
formwork sub-contractor of 8 % 1 and concreting sub-
contractor of 3 % • 
Explanation 
The second plan (plan 2) represented by the network 
diagram in fig.52, shows that the critical path 
follows the path 1-2-6-11-12-13-14 and passes through 
the steelfixing sub-contractor's work for most of its 
path. This sub-contractor is taking six days to fix 
the steel on a particular section of wall and longer 
than the time required by any other sub-contractor. 
Because of this steel fixing sub-contractor has the 
most influence on the project completion time and the 
estimated project cost, followed by the formwork sub-
contractor and lastly the concreting sub-contractor. 
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SUB.CONTRACTOR TYPE OF SYHBOL OF DURATION TOTAL 
SYHBOL WORK ACTIVITY OF EACH DURATION ® SINGLE ON SITE ACTIVITY (DAYS) 
(DAYS) 
A A1 to A4 6 24 tEVENT No. 
B B1 to B4 4 16 
2. EARlIEST 
fORIMIRIC Sf ART flt1E 
C toHOI£Tt (1 to (4 2 • 
). LATEST 
START TI1E 
Fi9.52 Plan (2) 
The basis of the project estimated cost. 
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Table (Ill) - Plan (2). 
Assumptlon~1 Cons~quenc.s and O~~ntlflcltions 
of Sub-Contractors Disruption. 
(1) (1) (2) ( )) (4) 
.. N" N 1 il·~ ",sswned Revi.ed Consequenc •• on network Quantification of aub- diagrall dls"',nH,"· . ;.;. u" ~e9re  0 
... ~ • 4 :J ~ 0. .. .., Sub-con-
l;; \~ ,,~ ::; '2 tractor .~ ~ ~ ~ disrupt!. 
~~ a~on .' 
50 
100 
30 24 
150 
200 
50 
100 
'IS 30 16 
I 150 200 
50 
100 
i 30 8 150 
u 
8 200 
contrac. ~lay to other .ub- £xten ~cr'ASe 
t or I-'c:.:o::!n,-,t::.r::.a~t o:<;r,.,I'-...-__ -fsi on in In ov. r al 
duration overall project Sleel- Fo.-. _ Concre 
fixi tlnn duratia duutDn . , 
days days days days days , 
36 12 12 12 40 
48 24 24 24 80 
60 36 36 36 120 
72 48 48 48 160 
24 0 - 2 2 6.67 
32 0 - 10 10 33.33 
40 0 - 18 18 60 
48 0 - 26 86.67 
12 0 0 - 1 3.33 
16 0 0 - 2 6.67 
20 0 0 - 3 10 
24 0 0 - 4 13.33 
(1) See Network DiagrAII, ri9. 52 (2) Number of Activitie. x Duration of eacb Activit~ (day') 
(31 Percentage of original total planned duration .. 
(41 Total Revised·ou.ation on Site al • Cause of Diaruption Iday.) 
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8.6 CONCLUSIONS 
The conclusions of this chapter which have also been 
presented by Abdel-Razek and McCaffer (127) are as follows: 
1. With today's confirmed trend towards more sub-contractor's, 
the general level of estimating inaccuracy depends to a 
large extend on the estimator's level of accuracy in 
estimating sub-contractors' costs. Several factors affect 
this level of inaccuracy, such as: the level of efficiency 
in planning and control the sub-contracted work, the 
standard of site supervision, etc. The effect of these 
factors is to extend the sub-contractor duration. The 
effect of extension is to disrupt other sub-contractors' 
works, main-contractor's work and the project overall 
schedule. The difficult task is to quantify the time and 
cost implications of these disruptions. Quantifying 
possible degrees of sub-contractors disruptions is 
invaluable to both estimators and senior management in 
improving estimates. These aims are achieved using 
sensitivity analysis to build up a "Sub-Contractors Cost 
Model". 
2. This Model is based on the network diagram in which the 
estimator has used in assessing the sub-contractors costs, 
and on the establishment of the possible increase in the 
assessed durations for each sub-contracted work. Hence, 
from the given graphs the degree of inaccuracy in the 
estimated overall project duration can be predicted for any 
sub-contractor involved in the project. Depending on 
. individual project circumstances, which are known to the 
main-contractor, ego main-contractor - sub-contractor and 
main-contractor - client contract conditions, main-
contractor overheads, attendances,etc., the consequences in 
time terms can be translated to money terms. The given 
graphs show the quantification of sub-contractors 
disruption in time and money terms. 
3. These graphs and analyses quantify any possible degree of 
disruption, by each sub-contractor involved in a project, 
in time an~ cost terms. Hence, the relative importance of 
the sub-contractors can be obtained for each set of assumed 
durations. A better understanding of what the greatest 
loss may occurs can be established and the degree of risk 
which the estimator is taking for any level of possible 
disruption may be predicted. For example, for 50 % 
disruption, the degree of inaccuracy in the estimated 
overall project duration caused by: steelfixing sub-
contractor is 5.26 % ; by formwork sub-contractor is 42.11% 
; and by concreting sub-contractor is 2.63 %. And for the 
same 50 % disruption, the degree of inaccuracy in the 
total project estimated cost caused by: steelfixing sub-
contractor is 5 %; by formwork sub-contractor is 32 % ; 
and by concreting sub-contractor is 1.5 % • 
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4. The assumptions used in these calculations and the 
percentage of inaccuracy are indicative. Adding more sub-
contractors to the network, assessing different durations 
for the sub-contracted activities, translating time into 
money terms from different contract conditions, and 
assessing different degrees of disruptions will not 
invalidate the analysis. The applications of this analysis 
should make it possible to produce progressively more 
accurate estimates for sub-contractor costs. 
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9.1 SYNOPSIS 
To estimate the duration of an activity the resources 
normally used on such activities, the work content and the 
average productivity rate of similar activities from 
historical records are considered by the estimator. 
Inaccurate assessment of the productivity rate will cause 
inaccurate estimate of the activity duration. Extension of 
a critical activity duration will affect subsequent 
activities and the overall project duration with the 
inevitable cost implications. A computer model has been 
formulated to model the variability of labour productivity 
rate estimates. The model is capable of being used to 
calculate activity duration and cost. It simulates the 
possible variations around the assessed productivity rate, 
possible variations of work content, and possible variations 
of the number of resources and incorporates the combined 
effect of these variations on the estimated activity 
duration and cost. In an example used for illustration, 
for -30% inaccuracy in the productivity rate assessment, 
number of planned resources decreased by 37.5%, and for an 
estimated quantity increase of 10% the activity duration 
will increase by 151.43%. Based on the expected or actual 
productivity rate, quantity of work, and available number of 
resources the model produces several alternative solutions 
to balance the effect of these variations in order to keep 
the following activities on schedule and, if necessary, 
bring the late activity back to its original schedule. In 
the illustration presented, for example, if the estimated 
productivity rate was inaccurate by -30% then this 
inaccuracy can be corrected by increasing the number of 
resources by 42.86%: correction can also be made by 
increasing the number of hours worked per day by 50%. The 
direct and total labour costs caused by inaccurate 
productivity rate assessments and the cost of any of the 
corrective solutions are also produced. In the illustration 
presented, for example for -30% inaccuracy in the assessed 
productivity rate the estimated labour direct cost will 
increase by 42.86%. Taking into account the cost of on-
costs, overheads and other costs, e.g., penalties, the total 
increase of activity cost due to inaccurate labour 
productivity rate assessment will be 109.82%. The first 
part of this chapter explains the problem and reviews the 
factors affecting productivity, the second part describes a 
method for quantifying the variability in labour output. 
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9.2 INTRODUCTION 
Productivity is classically defined as the amount of goods 
and services produced by a productive factor in a unit of 
time; a "productive index" is the ratio between input and 
output of a productive factor (128). High productivity is 
the intensive use of scarce resources converting input into 
output. In 1979 the Business Roundtable, an association of 
some 200 U.S. construction company owners, instituted a 
study called the Construction Industry Cost Effectiveness 
(CICE) project (129). CICE was the first industry-wide 
effort to define productivity problem areas. A Task 
Committee on Productivity was formed by the Construction 
Division of ASCE to review recommendations presented in the 
CICE study (130). The Task Committee concluded that 
productivity as it pertains to the Construction Division of 
ASCE is not clearly defined. It recommended a broad 
definition of productivity that could be generally applied 
by ASCE. "The highest productivity occurs with the delivery 
of a quality construction product that achieves total cost 
effectiveness through the optimal use of resources". The 
term "resources" is broadly defined to encompass materials, 
equipment, labour, money and time. It is implicit in the 
definition that productivity entails the efficient use of 
resources through management. 
9.2.1 Productivity Improvement Areas 
In construction it is important to focus effort on 
those areas which represent the greatest potential 
for productivity improvement rather than to focus 
effort equally on all areas. In 1979 Choromokos & 
McKee (131) conducted a survey of the top U.S. 400 
Engineering News-Record contractors to identify the 
areas perceived by construction executives as having 
greatest potential for productivity improvement. The 
survey revealed that firms of all sizes believed that 
in their office/headquarters operation there was a 
high opportunity for productivity improvement in 
planning and scheduling, and medium opportunity for 
estimating, communication, marketing, procurement, 
drafting, specification and engineering. They also 
believed that on the job site there was a high 
opportunity for increased productivity in better cost 
control, supervision and improved engineering design. 
Also under the category of regulations, regulations 
offered a high opportunity for improving 
productivity. 
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In 1983 Arditi (132) used Chromokos and McKee's 
productivity model, duplicated their questionnaire 
and mailed again to the top U.S. 400 construction 
contractors cited by Engineering News-Record in 1983 
(133). The main changes with respect to opportunity 
for productivity improvement were in the areas of the 
implementation of legislation regulations, marketing 
and estimating. The changes in these three areas 
were statistically significant at 1%. The other 
variables have remained approximately the same and 
none of these other variables was statistically 
significant. Planning and scheduling are still 
therefore marked as high opportunity for productivity 
improvement. As for estimating, although the 
majority still marked estimating medium priority in 
1983, this percentage is significantly larger than 
what it was in 1979. Similarly, there is a 
significant drop in the number of respondents who 
marked estimating as having low priority. Planning, 
scheduling and estimating are, therefore, very 
important areas to improve productivity. 
9.2.2 Labour Productivity 
To estimate the duration of an activity the resources 
normally used on such activities, the work content of 
the activity and the average productivity on similar 
activities from historical record are considered. 
Inaccurate assessment of the productivity rate will 
cause an inaccurate estimate of the activity 
duration. Extension of the activity duration might 
affect subsequent activities and the overall project 
duration with the inevitable cost implications. This 
means that the level of inaccuracy of the assessed 
labour productivity rates is one of the most 
important factors that affects the level of 
inaccuracy of the cost estimate, and the project 
plan. 
If the consequences of different levels of inaccurate 
productivity rate assessments on activity duration 
and cost are known and quantified at the early stages 
of estimating and pre-tender planning then 
estimators, planners, and site managers will at least 
devote more time and careful consideration to the 
critical activities. During the progress of the 
project if a critical activity deviates from its 
planned duration a knowledge of the number of 
additional resources required to correct this 
deviation together with the cost of doing so is 
essential to take an optimum, economical, and right 
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decision. Achieving these two aims is 
toward improving estimating, planning 
construction productivity. 
9.3 STATE-OF-THE-ART 
one 
and 
step 
hence 
During the pre-tender planning and estimating stages the 
quantity of work to be done in each item or group of items 
is calculated, the number of resources selected to execute 
the work is established and the productivity rates for these 
resources are assessed. From these three variables activity 
durations are estimated. These estimates would hold, if 
during its life all the factors affecting these variables 
remain the same as envisaged by the estimator at the time of 
estimating and planning. In real life this is never the 
case. 
If normal or average conditions existed all the time the 
estimator could always use the same base productivity rates 
for each project. Unfortunately there are almost always 
abnormal conditions related to a specific project and these 
must be considered to arrive at a reasonable prediction of 
productivity rate and hence the man-hours required for an 
item of work. 
The quantities calculated in the pre-tender stage are 
approximate and in practice it is more often than not that 
these quantities will differ from the actual ones. Gates 
and Scarpa (134) showed that in the case of mass earthwork, 
unique problems of accuracy are presented because the 
methods of measuring and calculating earthwork quantities· 
introduce an entirely different and complex set of errors. 
McCaffer and Baldwin (16) explained and illustrated the 
errors that are likely to occur in the calculation of 
quantities. These variations will have an effect on an 
inaccurate assessed productivity rate. 
Likewise the planned number of resources might fluctuate 
during the project life. The estimator has to consider all 
these variables and assess the combined impact of one or 
more on the base productivity rate to arrive at what he 
thinks likely or average rate. The combined impact is 
considered intuitively and therefore the level of accuracy 
of the assessed productivity rates will depend mainly upon 
his skill and experience. 
During project implementation progress is monitored and feed 
back is used to update the plan and prepare reports for 
progress evaluation. Management will evaluate the actual 
against estimated progress, identify causes of delay, 
takes corrective action and revise the estimates of the 
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duration of activities in progress and those that are yet to 
start. In revising the activity durations the effect of the 
original inaccurate assessment of productivity rate is taken 
into account intuitively at best. 
9.4 PROBLEM STATEMENT 
In controlling labour productivity current published work 
does no more than suggest a number of areas to be controlled 
on site such as quality of supervision, quality of planning 
and scheduling, material availability, equipment 
availability, manpower availability etc. The effectiveness 
of these control actions is extremely difficult to measure 
and impossible to quantify. They do not offer a precise 
corrective action to bring back a deviated activity to its 
planned duration and quantify the cost of doing so. Further 
more, at present there is no published work that quantifies 
the consequences of inaccurate productivity rate assessments 
on activity duration and cost: nor is there a method to 
quantify the effect of inaccurate quantity of work on the 
inaccurate assessed productivity rate. For example, if the 
actual productivity rate was 10% less than the predicted 
rate what would be the consequences on the activity duration 
and cost? and if the quantity of work content of this 
activity was 20% more than it was estimated, what is the 
quantified effect of that on the inaccurate productivity 
rate assessment? What is the combined effect of both 
on the activity duration and cost? If it was decided to 
correct this inaccurate assessment by increasing the number 
of resources or the number of hours worked/day, based on the 
actual measured productivity rate, what is the number of 
resources and/or the number of hours needed to do that? 
What is the cost of doing so? 
A knowledge of the sensitivity of the various activities 
durations and costs to different productivity rates, 
different quantities, and different number of resources will 
enable estimators and planners to devote additional 
attention to the more sensitive activities at the very early 
stage of estimating. During the progress of the project a 
knowledge of the cost to correct these inaccuracies will 
help management to take economical decisions. 
The subject of identifying the factors affecting 
productivity rate has been exhausted by many writers 
(135,136,137,138,139,140,141,142 and 143). Numerous papers 
have explained, recommended and modified methods of 
measuring labour productivity and time lost on site 
(144,145,146,147,148,149,150,151,152,153 and 154). Ways of 
improving productivity and methods of motivation have been 
recommended (155,156,157,158,159,160 and 161). However, 
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present estimating, planning and updating procedures do not 
perform any explicit analysis to generate : 
i) the quantification of the consequences of possible 
variations around the assessed productivity rates 
on activity duration, subsequent activities and on 
the overall project duration; 
ii) the quantification of the effect of variations of 
the estimated quantity of work and the planned 
number of resources on the assessed productivity 
rate, and the combined effect of all on the 
activity duration; 
iii) an explanation, analysis and modelling of the 
corrective action to keep the activity and project 
on schedule; and 
iv) the quantification of the cost of the suggested 
corrective action. 
9.5 FACTORS AFFECTING LABOUR PRODUCTIVITY 
Labour productivity is affected by many factors. Some of 
the factors that cause uncertainty in labour productivity 
rate cited in the literature are : 
(1) motivation and financial incentives 
(2) climate 
(3) management 
(4) design changes and rework 
(5) overtime 
(6) space congestion 
(7) job size 
(8) type of labours' employment 
(9) labour turnover 
(10) absenteeism 
(11) shutdown of production facilities 
(12) economic activity level 
(13) regulatory requirements 
(14) labour unrest 
(15) location 
(16) crew interfacing 
(17) project complexity 
(18) foundation conditions 
(19) drawing approval schedule 
(20) inspection schedule' 
(21) inefficient consultant 
(22) construction materials delivery schedule 
(23) legal problems 
(24) union problems. 
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9.6 IMPACT OF THE FACTORS 
The impact of most of the above factors on labour 
productivity rates are very subtle and difficult to assess 
and some are less difficult. The following are examples of 
the qualitative and quantitative impact of the first ten 
factors: 
Motivation and Financial Incentives 
Lawler (162) reported many examples of companies in 
which a switch from fixed-wage payment system to a 
system in which pay was tied to performance resulted 
in productivity gains of 10% - 45%. 
Marriott (163) reported studies comparing 
construction labour expenditure under fixed-wage 
payments and incentive payments, the results show 
that the change to the incentive pay program resulted 
in a saving of 15% of manhours. Another study (164) 
shows that the average level of output achieved after 
introducing a financial incentive program was 34% 
above the previous level. 
Laufer reported in his case study (165) that worker 
belief that higher performance will lead to higher 
pay and to foreman recognition showed an increase in 
productivity from 0.34 to 0.55 and from 0.56 to 0.7 
respectively, measured on a scale of 0 - 1. 
Similarly, satisfaction with pay and praise from the 
foreman rose from 0.41 to 0.6 and from 0.48 to 0.72 
respectively. 
Climate 
The effect of natural environment strongly influences 
the progress of construction productivity. A 
construction worker's productivity is influenced by 
air temperature, wind velocity, relative humidity, 
solar radiation, precipitation and light (166). 
The extent of the productivity loss depends upon, in 
part, the type of work and the degree of protection 
(167,168,169,170). Studies (171) indicate that 
temperatures above 110F and below 10F with humidity 
above 50% are intolerable and all useful work 
essentially stops. Koehn and Brown (166) derived two 
equations relating productivity with temperature and 
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relative humidity - one for cold or cool weather (-20 
F to 50F) and another for warm or hot weather (70F to 
120F). They indicated that respectively, 62% to 64% 
of the variation in the productivity may be explained 
by the change in the temperature and relative 
humidity. 
Management 
Labour productivity is significantly affected by the 
ability of construction managers, both on and off the 
job site, to plan, schedule and direct the work. 
Statements in the literature such as: "walking and 
carrying can amount to 10 -15% of site time" (172), 
and "construction workers spent 32% of their time 
directly working and 29% of their time waiting" (173) 
illustrate how important is site efficiency in 
affecting labour productivity. Olson's observations 
(174) suggest that inefficiencies are more frequently 
traced to shortfalls in these management processes 
than any other single source. Management errors in 
these functions not only cause production delays, but 
actually slow the subsequent production rate. 
Borcherding and Samelson (175) suggest that 
productivity parameters are largely pre-determined. 
They cite engineering design features, short 
construction lead times, and too elaborate planning 
and scheduling systems as principal causes of lower 
satisfaction and therefore reduce productivity. 
The limited but statistically detailed studies by 
Logcher and Collins (176), have illustrated how 
management has an impact on productivity. Results 
showing increased productivity rates with increased 
amounts of "daily on site intercrew management and 
co-ordination" are difficult to refute. 
Horner (177) stud ied the relationship between si te 
management control and productivity. He produced 
graphs of "management control" index against work 
rate. This index is the ratio of management hours 
spent supervising an activity to the productive/total 
hours worked by the operatives in that trade. In 17 
of his 18 studied cases the results showed a positive 
relationship between management control and 
productivity. 
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Design Changes and Rework 
These are common on most projects and become 
inevitable on projects when the design, construction 
and commissioning phases overlap. Factors such as 
errors and omissions in the original design, 
incorporation of latest improvements, continuous 
change in safety and legal requirements, etc. 
necessitate changes resulting in reducing 
productivity rates for certain items. Diekmann and 
Nilson (178) studying the frequency and causal 
factors of construction claims, reported that the 
projects sampled in their study experienced an 
overall additive claim rate of 6%; 72% of these 
increases were due to design error or owner initiated 
changes. Borcherding and Sebastian (179) report 
that the cumulative time spent by each technician on 
rework activities amounts to 6 hours/week. 
Overtime 
Within narrow limits, workmen expend energy at an 
accepted pace established by long periods of 
practice. When the hours of work per day or per week 
are changed, there is an adjustment period. Parker 
and Oglesby (180) reported the effects of overtime 
working in construction and concluded that although 
overtime increased total output for short periods, 
overtime worked consistently results in a return to, 
or even a reduction in, the original output. 
Other studies by CICE (181) reveal that scheduled 
overtime operations result in a sharp drop in 
productivity initially, followed by a fairly 
substantial recovery by the end of the first week. 
The recovery level of productivity may then hold 
fairly steady for a period of two to three weeks but 
show a steady decline for the following two to three 
weeks. After five to six weeks of operations there 
is a further drop in productivity which levels out at 
a low point after nine to twelve weeks of sustained 
overtime operation. This condition results from 
normal reactions and does not reflect the effect of 
other adverse factors, e.g. poor management. 
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Space Congestion 
Parviz shows in his study (182) that the overall 
estimate of lost time as a result of overcrowding was 
around five man hours/craftsmen/week. 
Job Size 
In terms of the estimated number of man-hours , 
required to complete the project, job size can have a I 
significant impact on labour productivity. Lorenzoni 11 
(183) explains that as the job size increases above 
certain limit the productivity decreases and 
conversely as the size decreases the productivity 
improves. As projects become larger they become more 
complex. The supervision is spread thin and the 
lines of communications are longer, the logistics of 
keeping men and material at the proper level at the 
proper times becomes more difficult. The net result 
is a less efficient and less productive work force. 
The reverse is true as the job becomes smaller, 
simpler, and more easily managed. 
Type of Labourers' Contract 
There are three ways a main-contractor can carry out 
a project: either by employing his work force, or by 
sub-contracting each piece of work; or by employing 
labour only sub-contractors. Labour only sub-
contractors will perform at a higher rate of 
productivity than the sub-contractors' labour. The 
latter will perform at a higher rate of productivity 
than the permanent employed labour. Abdel-Razek and 
McCaffer (121 & 127) explain that although the end 
result is a higher productivity for the labour only 
sub-contractor route, it does not necessarily mean a 
lower labour cost or an overall lower project cost. 
Labour Turnover 
Burch (184) explains that the loss of productivity 
due to labour turnover is based on the assumption 
that it is caused by a shortage of labour resulting 
from turnover and is made up by overtime working. A 
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further loss of productivity is likely to be 
encountered during the initial learning period. The 
effect on morale and disruption of working groups or 
gangs may cause more productivity losses. Dawson 
(185) showed that age and length of service to have a 
most profound effect upon patterns of labour 
turnover. On this evidence Bowey (186) suggested the 
"Employee Stability Index· for assessing labour 
stability. This index provides an indication of the 
loss of skilled/proficient employees within an 
organisation. The Tavistock Institute was the first 
to use "Survival Periods" (187), this takes into 
account length of service at the time of leaving the 
organisation and presents the results graphically. 
From the produced curves the expected losses from an 
entrant group of employees over a given period of 
time can be determined. 
Absenteeism 
Factors that affect industrial absence rates are : 
age (188); length of service (189); wage level and 
family responsibility (190); skill level (190); 
supervision (191); group size (192); physical 
conditions of work (193); general employment 
conditions and local levels of employment (194); 
seasonal changes (195); daily variations (196); and 
job satisfaction (197,198,199&200). 
Burch (201) stated that "despite substantial 
betterment of working conditions, wages, medical care 
and social security, there is yet a serious problem 
of individual productivity on the construction site, 
most obvious in the rising trend of absenteeism". 
Greenwood (202) pointed out that casual short-term 
absentees cause the most inconvenience because of 
their unpredictability. Negrine (203) reported that 
89% of all absences were of short duration and 
represented half the total working days lost. 
Porter, Lawler and Hackman (204) note that short-t~rm 
absence disrupts schedules, creates the necessity of 
over-staffing to cover for absentees, and reduces 
productivity. 
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9.7 A MODELLING APPROACH TO PRODUCTIVITY 
To estimate the duration of an activity the resources 
normally used on such activities, the work content of the 
activity and the average productivity on similar activity 
from several sources are considered. This estimate of 
activity duration would probably hold if during its life 
these three major variables remain the same as envisaged at 
the time of estimating. But in real life as the project 
progresses the quantity of work may increase or decrease 
from what it was estimated, the planned number of resources 
and productivity rate will almost always deviate from what 
was predicted. 
The factors that cause variations of these three major 
variables are numerous. The assessment of their combined 
impact on the three variables is a complex problem since 
they are numerous, dynamic and interdependent. But their 
final combined impact is to decrease or increase the level 
of variability of the assessed three major variables. This 
level of variability will determine the level of accuracy of 
the estimated activity duration. Activity duration and its 
cost are, therefore, directly affected by only these three 
major variables, i.e., quantity, resources, and productivity 
rate. All the other factors such as climate, space 
congestion, labour unrest, design changes and rework, etc. 
affect activity duration by influencing the major three 
variables as shown in fig. (55). 
If an activity deviates from its original schedule it could 
only be brought back by changing one or more of these three 
major variables1 by either improving and/or increasing 
productivity rate, by changing the number of resources 
and/or number of worked hours per day or by changing 
quantity of work. Thus, a computer model is necessary that 
simulates the possible level of variations around the 
assessed productivity rate, possible variations of work 
content, possible variations of number of resources, and 
incorporates the combined effect of these variations on the 
activity duration and cost. It is equally necessary that 
this model produces several optional solutions based on the 
actual measured productivity rate and the available number 
of resources to balance the effect of these variations in 
order to keep the following activities on schedule and, if 
necessary, bring the late activity back to its original 
schedule. Each solution should also be accompanied by its 
estimated costs. 
This approach is useful in the estimating and pre-tender 
planning stage as well as during the construction stage. In 
the first stage, estimators and planners will be able to 
quantify the consequences of the expected level of 
inaccuracy in their assessments for the three major 
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variables. A knowledge of the additional number of 
resources required to balance any expected level of 
inaccuracy will help planners to produce more reasonable 
activity durations, and estimators to produce more accurate 
estimates. During the construction stage, productivity is 
measured, if it differs from what was estimated then several 
combinations of the number of resources and the number of 
hours worked per day, together with the cost of each will 
help site managers to take more economical and quick 
decisions while the project is in progress. 
9.8 COMPUTER PRODUCTIVITY MODEL 
A computer model has been formulated and is shown in fig. 
(56). The input required are: 
1. Activity name or code. 
2. Trade i.e. carpenters, steelfixers, etc. 
3. Quantity. 
4. Unit of quantity. 
5. Number of resources selected. 
6. Number of hours worked per day. 
7. Productivity rate of each resource. 
8. "All-in" labour rate of each resource. 
9. Cost of on-costs for every extended day. 
10. Cost of overheads for every extended day. 
11. Other costs for every extended day. 
12. Possible variation of estimated quantity. 
13. Expected level of inaccuracy of the assessed 
productivity rate. 
14. Estimated ratio of normal to overtime productivity 
rate. 
15. Maximum possible number of resources (without 
overcrowding). 
16. Minimum available number of resources. 
17. Maximum and minimum number of hours worked per day. 
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A simple example project (126) will explain its working. 
Considering the construction of 256 cubic meter reinforced 
concrete retaining wall, it is planned to employ only one 
gang of steel-fixers, one gang of carpenters, and sub-
contract the concrete work. It is also planned to divide 
the wall up into four equal lengths so as to provide, as far 
as possible, continuity of working for the gangs selected, 
as well as to break the work down into areas which can be 
dealt with more easily. The user's input is as shown in 
table (IV), and the whole of the work by the two trades and 
the sub-contractor is represented over the four sections of 
wall by the network diagram fig. (57). It will be noted 
that the overall duration for the project is 37 days and the 
critical path follows the path 1-2-3-5-7-9-10-12-13-14, and 
passes through the carpenters' work for most of its path, 
and hence the formwork activity should be chosen to check. 
9.8.1 Cost, Duration and Alternative Durations 
The estimated duration and cost of the activity is 
then produced. In our example, the formwork activity 
duration is 64 hours, i.e. 8 days, (8 hours per day) 
and the estimated labour cost is 2048 pounds. Fig. 
(58) is also produced to show the alternative 
possible durations should the user want to alter his 
plan. Having decided that no alteration will be made 
and the original plan is a suitable target at which 
to aim, quantification of possible variations around 
the assessments may be produced. 
9.8.2 Impact of Individual Variables 
Fig. (59) shows that for -30% inaccuracy in the 
assessed productivity rate, the estimated activity 
duration will increase by 42.86%, for +20% inaccuracy 
it will decrease by 16.67%. Fig. (60) shows that for 
a variation of + or - 10% in the estimated quantity 
of work the estimated activity duration will change 
by + or - 10%. Fig. (61) shows that for 37.5% 
decrease in the planned number of carpenters, i.e. 
from 8 to 5 carpenters, the activity duration will 
increase by 60%, whereas for 50% increase, i.e. from 
8 to 12 carpenters, the duration will decrease by 
33.33%. Fig. (62) shows that for 12.5% decrease in 
the planned number of hours worked per day, i.e. from 
8 to 7 hours/day, activity duration will increase by 
14.29%, whereas for 25% increase the duration will 
decrease by 20%. 
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Table (IV) Sample Input to Labour Productivity Model 
INPUT REQUIRED 
OPERATION 
Name 
Code 
Trade 
QUANTITY 
Quantity 
Unit 
RESOURCES 
Number of gangs 
Number of tradesmen per gang 
Number of labourers per gang 
Number of hours worked per day 
"All-in" tradesman rate (E/hour) 
"All-in" labourer rate 
PRODUCTIVITY 
Productivity rate (unit/hour/tradesman) 
Productivity rate (unit/hour/labourer) 
Productivity rate (unit/hour/gang) 
EXPECTED VARIATIONS 
Possible range of variation of estimated quantity(%) 
Expected range of variation of productivity rate(%) 
Maximum and minimum possible number of tradesmen 
Maximum and minimum possible number of labourers 
Maximum and minimum number of hours worked per day 
Ratio of normal to overtime productivity rates 
COSTS 
Cost per every extended day: 
On-costs (E/day) 
Overheads (E/day) 
Other costs (E/day) 
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9.8.3 Compound Impact of the Variables 
Fig. (63) shows the change of activity duration due 
to change of the planned number of carpenters and the 
number of hours worked per day. Reducing the planned 
number of carpenters by 37.5% and the number of hours 
worked per day by 12.5% will increase the activity 
duration by 82.86%. Increasing the number of 
carpenters by 50% and the number of hours by 25% will 
decrease the duration by 46.67%. It is clear that 
these results do not take into account the inaccuracy 
of productivity rate and hence are improper if used 
to correct activity deviations. 
Fig. (64) shows the combined impact of the inaccurate 
assessed productivity rate and change of quantity of 
work. For -30% inaccurate productivity rate and 10% 
decrease in the quantity of work, the duration will 
increase by 28.57%. Whereas for +30% inaccuracy in 
productivity rate and quantity increased by 10% 
duration will decrease by 15.38%. 
Fig. (65) shows the combined impact of all the three 
variables: number of carpenters, productivity rate, 
and quantity. For - 30% inaccuracy in the 
productivity rate assessment, number of carpenters 
decreased by 37.5% and quantity decreased by 10% the 
activity duration will increase by 105.71%~ For the 
same variations in productivity rate and number of 
carpenters but the quantity increased by 10%, fig. 
(66) shows that the activity duration will increase 
by 151.43%. • 
9.8.4 Correcting Inaccurate Productivity Rate Assessment 
Fig. (67) shows how inaccurate productivity rate 
assessment may be corrected by controlling the number 
of carpenters on site. For example, table (IV) shows 
that the user's plan was to use 8 carpenters, working 
8 hours per day, at an assessed productivity rate of 
0.125 cubic meters/hour/carpenter, if his assessed 
productivity rate was inaccurate by -30%, then fig. 
(67) shows that the correction of this inaccuracy can 
be done by increasing the number of carpenters by 
42.86%, i.e. additional four carpenters are needed to 
complete the following formwork activities at the 
planned duration of 8 days. 
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If the assessed productivity rate was inaccurate by 
- 30%, the number of carpenters decreased by 37.5%, 
i.e. 3 carpenters less than the planned number of 8 
carpenters, and the quantity of work increased by 
10%, then fig. (66) shows also that by increasing the 
number of carpenters to the maximum possible number 
of 12 carpenters, i.e. by 50%, the following formwork 
activity duration will increase by only 4.76% instead 
of 151.43%. If these additional carpenters are not 
available fig. (68) shows the correction by 
increasing the number of hours worked per day. It 
shows that the number of hours worked per day should 
be increased by 50% to balance -30% inaccuracy in the 
productivity rate assessment, i.e., 4 hours per day 
more than planned. 
9.9 COST OF INACCURATE PRODUCTIVITY RATE ESTIMATES 
The change of direct labour costs due to 
productivity rate assessments are shown in fig. 
-30% inaccuracy the estimated labour direct 
increase by 42.86%. 
inaccurate 
(69). For 
cost will 
If the activity took more time than planned to complete, the 
cost of inaccurate productivity rate estimate is not only 
the cost of the additional resources required to complete 
the activity work; it may well include the cost of on-costs, 
overheads, and any other costs, e.g., penalty to the client, 
which occurs because of the extension of critical activity 
and hence cause extension to the overall project duration. 
In our example, as shown in table (IV), for every extended 
day the cost of: on-costs, overheads, and other costs are: 
150, 200 and 50 pounds per day respectively, if the 
productivity rate assessment is -30% inaccurate then fig. 
(70) shows that the total increase of labour cost will be 
109.82%. 
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9.10 CONCLUSIONS 
1. To estimate duration of an activity, the resources normally 
used on such activities, the work content of the activity 
and the average productivity on similar activity from 
several sources are considered. This activity duration 
estimate would probably hold if during its life these three 
major variables remain the same as envisaged at the time of 
estimating. But in real life as the project progresses, the 
quantity of work may increase or decrease from what it was 
estimated) the planned number of resources and productivity 
rate will almost always deviate from what was predicted. 
The factors that cause these variations are numerous. The 
assessment of their combined impact on the three variables 
is a complex problem since they are numerous, dynamic and 
interdependent. This level 'of variability will determine 
the level of accuracy of the estimated activity duration. 
Activity duration and its cost are, therefore, directly 
affected by only these three major variables, i.e., 
quantity, resources and productivity rate. All the other 
factors such as climate, space congestion, labour unrest, 
design changes and rework, etc., affect activity duration by 
influencing the major three variables. 
2. If an activity deviates from its original schedule it could 
only be brought back by changing one or more of these three 
major variables) by either improving and/or increasing 
productivity rate) by changing the number of resources 
and/or' number of worked hours per day) or by changing 
quantity of work. 
3. A computer model has been constructed to model labour 
productivity rates. The model is capable of being used to 
calculate activity duration and cost. It simulates the 
possible levels of variations around the assessed 
productivity rate, possible variations of work content, and 
possible variations of number of resources) and incorporates 
the combined effect of these variations on the estimated 
activity duration and cost. In the illustration used for 
example, for -30% inaccuracy in the productivity rate 
assessment, number of carpenters decreased by 37.5%, and 
quantity decreased by 10% the activity duration will 
1ncrease by 105.71%. For the same variations in 
productivity rate and number of carpenters but the quantity 
increased by 10%, the activity duration will increase by 
151.43%. 
4. Based on the expected or actual productivity rate, the 
expected or actual quantity of work and the available number 
of resources the model produces several alternative 
solutions to balance the effect of these variations in order 
to keep the following activities on schedule and, if 
necessary, bring the late activity back to its original 
schedule, the estimated cost of each solution may also be 
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obtained. Again in the illustration used if the estimated 
productivity rate was inaccurate by -30% then this 
inaccuracy can be corrected by increasing the number of 
carpenters by 42.86%. If these additional carpenters are 
not available, the correction can be made by increasing the 
number of hours worked per day by 50%. 
5. The direct and total labour costs caused by inaccurate 
productivity rate assessments and the cost of any of the 
corrective solutions are also produced. In the illustration 
used for -30% inaccuracy in the assessed productivity rate 
the estimated labour direct cost will increase by 42.86%. 
Taking into account the cost of on-costs, overheads and 
other costs, e.g. penalties, the total increase of activity 
cost due to inaccurate productivity rate assessment will be 
109.82%. 
6. This approach is useful in the estimating and pre-tender 
planning stage as well as during the construction stage. In 
the first stage, estimators and planners will be able to 
quantify the consequences of the expected level of 
inaccuracy in their assessments for the three major 
variables. A knowledge of the additional number of 
resources required to balance any expected level of 
inaccuracy will help planners to produce more reasonable 
activity and operation durations, and estimators to produce 
more accurate estimates. During the construction stage where 
productivity is measured, if it differs from what was 
estimated then several alternative solutions may be explored 
by changing the number of resources and the number of hours 
worked per day. This together with the cost of each 
alternative will help site managers to take more economical 
and quick decisions while the project is in progress. 
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10.1 SYNOPSIS 
To estimate the total direc.t labour cost of an item of work 
the quantity of work is calculated, the all-in labour 
rate is estimated, and the labour productivity rate is 
assessed. The total labour-hour requirement is obtained by 
dividing the quantity by the productivity rate. The total 
labour cost of this item is then obtained by multiplying 
this estimated total labour-hour by the estimated all-in 
labour rate. Any level of inaccuracy in the estimated 
quantity, productivity rate, or 'all-in' labour rate will 
have an effect on the level of accuracy of the final 
estimated total labour cost. 
In chapter (4) an "All-In Labour Rate Computer Model" was 
developed, which is based on the identification of the 19 
variables involved in the calculation of the all-in 
labour rate and on the establishment of the ranges of 
possible variations around the assumed assessments for 
these variables. The model is capable of calculating the 
"all-in" labour rate and predicting the average range of 
inaccuracy in the calculated all-in labour rate for any 
range of variation around the assumed assessments. In 
chapter (9), a "Labour productivity Computer Model" was 
developed to evaluate the variability in labour cost 
estimate caused by inaccurate labour productivity rate 
assessments. 
The first part of this chapter explains a "Total Labour 
Cost Computer Model" developed to combine the inaccuracy 
arising from the estimates of all-in labour rate and labour 
productivity rate in order to evaluate the overall 
inaccuracy of the total labour costs. The model is 
capable of being used to calculate the total labour cost. 
It simulates the possible levels of variations around : the 
assessed productivity rate; the estimated all-in labour 
rate; the estimated quantity of work; and incorporates the 
combined effect of these variations on the estimated total 
labour costs. Hence, for any range of variation around the 
estimated all-in labour rate, productivity rate and 
quantity of work the range of inaccuracy of the estimated 
total labour costs can be evaluated. For example, if the 
range of inaccuracy of the estimated all-in labour rate is 
from -2.3% to + 6.8%, the range of inaccuracy of the 
assessed productivity rate is from -8% to +4%, and the 
range of inaccuracy of the estimated quantity is from -5% 
to +10%; then the range of inaccuracy of the estimated 
labour cost is from -6.06% to +16.09%, expressed as a 
percentage of the modified labour cost estimate, which is 
modified to take account of the change of quantity of work. 
The second 
inaccuracy 
part of the chapter explains how the overall 
of the total cost estimate can be evaluated. 
~7S 
This is done by determining the proportions of the 
estimated costs of: labour, plant, materials, sub-
contractors, and site overheads as a percentage of the 
total estimated cost; and by using the evaluated range of 
inaccuracy of their estimated costs. For example, if the 
proportions of the estimated costs of labour, plant, 
materials, sub-contractors, and site overheads, as a 
percentage of the total estimated cost, are: 15%, 15%, 40%, 
25%, and 5% respectively; and the range of inaccuracy of 
their estimated costs are: (-6.06% to +16.09%), (-6.06% to 
+16.09%), (-9.18% to +9.83%), (0.0 to +5%), and (-5.325% to 
+11.753%) respectively; then the range of inaccuracy in the 
total cost estimate is from -5.758% to +10.847% • 
10.2 TOTAL LABOUR COSTS 
To estimate the total cost of an item of work the quantity 
of work is calculated, the all-in labour rate is 
estimated, and the labour productivity rate is assessed. 
The total labour-hour requirement for this item is then 
calculated by dividing the quantity of work by the 
productivity rate, the estimated total labour cost of this 
item is then obtained by multiplying the assessed total 
labour-hour by the estimated all-in labour rate. 
10.3 CAUSES OF VARIABILITY 
This estimated total labour cost would hold if these three 
major variables i.e. quantity, productivity rate and all-in I 
labour rate, remain the same as estimated at the time of I 
estimating, but in real life this is never the case. The 
quantity of work may increase or decrease from what it was 
estimated, the actual all-in labour rate will almost always 
differ from what it was calculated, and the actual 
productivity rate will always deviate from what was 
predicted. The factors that cause these variations in each 
of the three variables are shown in fig. 71. The final 
combined impact of these numerous factors is to decrease or 
increase the levels of inaccuracy of the estimated all-in 
labour rate, labour productivity rate and quantity of work. I 
These levels of variability will determine the overall 
level of inaccuracy of the final estimated total labour \ 
costs. The estimated total labour cost is, therefore,· 
directly affected by only these three major variables, all 
the other factors shown in fig. 71 affect the total labour \ 
cost by influencing these three variables. The difficulties 
in estimating these three major variables and how to 
evaluate the inaccuracy of their estimates were explained 
in chapters 4 and 9. 
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10.4 PROBLEM STATEMENT 
The level of variability of the estimated labour cost is 
dependent upon the level of inaccuracy in the estimates of 
three variables: quantity of work, labour productivity 
rate, and all-in labour rate. The level of inaccuracy in 
estimating each of these variables is dependent upon the 
estimator's level of inaccuracy in assessing the combined 
impact of numerous number of factors on each variable. 
Present estimating procedures do not perform any explicit 
analysis to generate the following information: 
i) quantification of the consequences of possible 
variations around the estimated quantity of 
work, the assessed productivity rate, or the 
estimated all-in labour rate on the estimated 
total labour costs: 
ii) quantification of the combined impact of all the 
three variables, i.e., quantity, productivity 
rate and all-in labour rate, on the estimated 
total labour costs: 
iii) evaluating the level of inaccuracy of the 
estimated total labour costs. 
10.5 FORMULATION OF THE VARIABLES 
The estimated total labour cost of an item of work 
can be presented as : 
Qe 
Ce = x Ae • • • • (5) 
Pe 
where: 
Ce = estimated labour cost of an item of work (pound) 
Qe = estimated quantity (unit) 
Pe = estimated productivity rate (unit/hour/labourer, 
tradesman, or gang) 
Ae = estimated all-in labour rate (E/hour/ labourer , 
tradesman, or gang) 
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If the three variables: Qe, Pe, Ae were estimated 
inaccurately then the actual cost of this item can be 
expressed as 
Qa 
Ca = x Aa • • • • (6) 
Pa 
where: 
Ca = actual labour cost of an item (pound) 
Qa = actual quantity (unit) 
Pa = actual labour productivity rate 
labourer, tradesman, or gang) 
(unit /hour / 
Aa = actual all-in labour rate (£ / hour / labourer, 
tradesmen, or gang) 
The change of the estimated cost expressed as a percentage 
of the estimated cost (Ce) is: 
where: 
Cc = 
Ca Ce 
Cc = ------------ x 100 
Ce 
Qa Aa Qe Ae 
------- --------
Pa Pe 
= -------------------- x 100 
Qe Ae 
Pe 
Qa Aa Pe 
= (-------- 1 ) x 100 
Qe Ae Pa 
the change in the estimated labour cost for 
of work; expressed as a percentage of the 
labour cost estimate of the item. 
(7) 
an item 
original 
Ca, Ce, Qa, Aa, Pa, Qe, Ae and Pe as defined previously. 
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Equation (7) represents the increase or decrease of the 
estimated labour cost, expressed as a percentage of the 
estimated labour cost. It does not represent the 
estimator's level of inaccuracy of his estimated labour 
cost. The reason for that is that equation (7) does not 
take into account the difference between the actual and 
estimated quantities, i.e. (Qa - Qe). 
If the actual productivity rate and all-in labour rate were 
the same as estimated but the actual quantity was twice the 
estimated quantity then from equation (7) the change of the 
estimated labour cost is +100% of the original estimated 
cost. But this does not mean that the level of inaccuracy 
of the estimated labour cost is +100%. Inaccurate 
quantity estimates will always affect the estimated labour 
cost, but will only contribute to the level of inaccuracy 
of the estimated labour cost if it is combined with 
inaccurate productivity rate assessment; or inaccurate all-
in labour rate estimate; or both. 
In order to formulate this relation the estimated cost (Ce) 
must be modified to take into account the change of 
estimated quantity. 
Qa 
C'e = x Ae • • • • (8) Pe 
where: 
C'e = the modified estimated labour cost of an item. 
The level of inaccuracy of the estimated labour cost of an 
item of work may now be expressed as a percentage of the 
modified estimated cost (C'e) as 
QaAa QaAe 
Pa Pe 
Ci = 
---------------- x 100 QaAe 
Pe 
AaPe 
Ci = - 1) 100 • • (9) 
AePa 
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~here: 
Ci = the inaccuracy in the estimated labour direct cost 
for an item of work; expressed as a percentage of 
the modified estimated labour costs of the item. 
For a project (p) containing (n) items, the change of the 
estimated total labour costs, expresses as a percentage of 
the original estimated total labour costs; and the level 
of inaccuracy of the estimated total labour costs, 
expressed as a percentage of the modified estimated costs 
are: 
n = 1 
L (Ccn) (Cen) 
n 
Ccpn = --------------------- • • • • (10) 
n = 1 
L Cen 
n 
n = 1 
L (Cin) (C'en) 
n 
Cipn = ---------------------- • • • (11) 
n = 1 
~ C'en 
n 
where : 
Ccpn = the overall change in the estimated total labour 
costs for a project (P) containing (n) items of 
work, expressed as a percentage of the original 
total labour costs estimate. 
Ccn = the change in the estimated total labour costs for 
the item (n); expressed as a percentage of the 
original total labour costs estimate. 
Cen = the estimated labour cost for the item (n). 
Cipn = the level of inaccuracy in the estimated 
labour costs for a project (p) containing 
items of work; expressed as a percentage of 
modified estimated total labour costs of 
project (p). 
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total 
(n) 
the 
the 
Cin = the level of inaccuracy in the estimated labour cost 
for the item (n); expressed as a percentage of the 
modified labour cost for the item (n). 
C'en = the modified estimated labour cost for the item (i). 
n = total number of work items in a project (p). 
10.6 IDENTIFICATION OF COST SIGNIFICANT ITEMS 
If the number of items used to evaluate the variability of 
the estimated total labour costs is cut down, the 
inevitable lack of enthusiasm, the tedious work required, 
and the loss of precision which arises from dealing with 
several thousand items on each project will be reduced. 
It is generally accepted that, as a general rule 80% of the 
value of a bill of quantity is contained in 20% of the 
items. This has been developed and confirmed by many writers 
such as Jaafari and Mateffy (205), Skoyles (206), Barnes 
and Thompson (207), Moyles (208), McCaffer and Harris (2) 
and Harmer (209). Fig.72 illustrates this general rule. 
Recently Horner (210) stated that the techniques of both 
Moyles (208) and Harmer (209) demand a considerable amount 
of tedious computer analysis and their use is confined to 
the preparation of budget estimates. He explains a simple 
method of identifying cost significant items by dividing 
the total value of measured items by their total number to 
obtain a mean value. The cost significant items are all 
those with a value greater than this. He stated that the 
results of this analysis over 50 bills revealed that the 
sum of all cost significant items defined in this way 
averages 80% of the total value of measured items. Their 
number averages 20% of the total. 
The identification of cost significant items will reduce 
the number of work items of a project considerably. By 
applying equations (10) and (11) the percentage change and 
the level of inaccuracy of the estimated total labour costs 
for a project can be obtained much easier. 
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Figure 72 TYPICAL DIS TRIBUTION OF CONSTRUCTION PROJECT VALUE 
IN RELATION TO BILL OF QUANTITIES ITEMS FOR SMALL TO 
MEDIUM-SIZED PROJECTS. 
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10.7 COMPUTER LABOUR COST MODEL 
A "Computer Total Labour Cost Model" has been developed, 
and is shown in fig.73. This model is based on the three 
major variables involved in the calculation of the total 
labour cost, i.e. quantity, productivity rate and all-in 
labour rate, and on the establishment of the ranges of 
possible variations around the assumed assessments for 
these variables. Hence from the output the estimated 
labour cost for any item is producedl the range of the 
possible changes and the level of inaccuracy in the 
estimated labour cost can be obtained from any range of 
variation around the assumed assessments. 
The input required are : 
1. Item and project codes 
2. Quantity 
3. Unit of quantity 
4. Productivity rate of each resource/gang 
(unit/hour) 
5. "All-in" labour rate of each resource/gang 
(pound/hour) 
6. Range of variation of estimated all-in labour 
rate, for each resource/gang %) 
7. possible variation of estimated quantity ( % ) 
8. Expected range of inaccuracy of the assessed 
productivity rate for each resource/gang (%) 
For an item of work, the user's input is assumed to be as 
given in table (V). The output is explained below. 
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~ INPUT ASSESSMENTS fOR THE VARIABLESl 
, 
CALCULA lE TOTAL DJRECT LABOUR COST I 
I AL TERNATIVE .ASSESSMENTS I 
ST AGE (1) 
-
r INPUT EXPECTED VARIATIONS fOR THE ASSESSMENTS I 
I SIMULATE INDIVIDUAL VARIABLES J 
, 
--f SIMULA lE COMBiNED VARIABLES I 
ST AGE (2) 
r PREDICT RANGE.Df ACTUAL COST I 
EVALUATE LEVEL Of E?TIMA TlNG INACCURACY J 5T AGE (3) 
FIG. 73 "TOTAL LABOUR COST" COMPUTER MODEL 
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Table (V) Sample Input to Total Labour Cost Model 
INPUT REQUIRED 
IDENTIFICATION OF ITEMS 
Project Code 
Item Code 
USER'S INPUT 
PI 
Al 
------------------------------------------------------------
VARIABLES AND ASSESSMENTS 
Quantity 
Unit 
All-in tradesman rate 
All-in labourer rate 
All-in gang rate 
Productivity rate: 
(f/hour) 
(f/hour) 
(f/hour) 
Unit/hour/tradesman 
Unit/hour/labourer 
Unit/hour/gang 
64 
M3 
4.47 
0.125 
------------------------------------------------------------
EXPECTED RANGE OF VARIATIONS 
Quantity (%) 
All-in tradesman rate (%) 
All-in labourer rate (%) 
All-in gang rate (%) 
Tradesman productivity rate (%) 
Labourer productivity rate (%) 
Gang productivity rate (%) 
186 
-5 , +10 
-2.3 , + 6.8 
-4 , + 8 
10.8 EVALUATING THE POSSIBLE CHANGE IN THE ESTIMATED LABOUR COST 
10.8.1 Effect of Individual Variables 
For the user's input ,table (V), figs.74,75 and 76 
show the change in the estimated labour cost due to 
variations in the estimates of all-in labour rate, 
labour productivity rate, and quantity of work 
respectively. Fig.77 combines the three curves 
together in order to illustrate the relative 
importance of each variable. 
10.8.2 Combined Effect of the Variables 
Fig. 78 shows the percentage changes of the 
estimated labour cost caused by the combined 
effect of several different levels of inaccuracy in 
the all-in labour rate estimates, productivity rate 
estimates and the quantity is 10% more than it was 
estimated. Fig. 79 shows the results for the same 
assumptions given in Fig. 78, but the quantity is 
10% less than it was estimated. Fig. 78 shows that 
for a range of inaccuracy of: -2.3% to 6.8%, -8% 
to +4%, and +10% in the estimates of: all-in 
labour rate, productivity rate, and quantity 
respectively 1 the range of actual labour cost is 
from +3.34% to +27.7%. Whereas, fig.79 shows that 
for the same assumptions but the actual quantity is 
10% less than estimatedl the range is from - 15.45% 
to + 4.48%. 
For the user's input, table (V), the range of 
maximum change in the estimated labour cost is 
given in figs. 80,81 and 82. All figures show that 
the range is from -10.75% to +27.7%, but each 
figure illustrates the variables differently. 
These changes are expressed as a percentage of the 
original estimated labour cost. 
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EFFECT OF INAC. PRODUCTIVITY ESTIMATE 
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RELATIVE IMPORTANCE OF THE VARIABLES 
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10.9 EVALUATING THE INACCURACY OF LABOUR COST ESTIMATES 
Fig. 83 shows the levels of inaccuracy of the estimated 
labour cost for several different levels of inaccuracy of 
the estimates of all-in labour rates and labour 
productivity rates. The inaccuracy is expressed as a 
percentage of the modified estimated labour cost and not of 
the original estimated cost. As mentioned previously, this 
is done in order to take account of the change of quantity 
and to express the level of inaccuracy in relation to the 
actual quantity, which the contractor will be paid for, not 
the inaccurate one. This procedure is necessary in order 
to make the distinction between the change of cost and the 
level of inaccuracy of the total labour cost estimate, as 
given in equations 7 and 9. The modified cost estimate is, 
therefore, the original estimator's estimate adjusted for 
the actual or possible changes of quantity of work. Fig. 
83 shows the levels of inaccuracy of the estimated labour 
cost for any level of inaccuracy in the estimated all-in 
labour rate and productivity rate. For example, if the 
inaccuracy in the estimated all-in rate is +20%, and in the 
labour productivity rate is - 30%, then the inaccuracy of 
the estimated labour cost is +71.43%, expressed as a 
percentage of the modified estimated cost. 
For the user's input, given in table (V), the level of 
inaccuracy in the estimated labour cost, together with the 
consequences of any improvement in the estimates of all-in 
labour rate and productivity rate, are given in fig. 84. 
Figs. 85,86 and 87 show that, for the input in table (V), 
the range of inaccuracy of the estimated labour cost is 
from -6.06% to +16.09%, each figure illustrates the 
variables differently. These ranges are again expressed as 
percentages of the modified estimated labour cost. 
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10.10 OVERALL INACCURACY OF COST ESTIMATES 
10.10.1 The Constituent Elements of Cost Estimates 
The analysis in chapter (3) shows that a 
estimate can be broken down into seven 
variables. The seven constituent elements 
cost estimate are: 
1. All-in labour rates 
2. All-in plant rates 
3. Materials costs 
4. Sub-contractors costs 
5. Labour productivity rates 
6. plant productivity rates 
7. Site overheads. 
cost I~i~· major
of a 
The overall inaccuracy of a total cost estimate is 
the resultant of the different inaccuracies 
arising from the estimates of these seven cost 
elements. The level of inaccuracy in the estimate 
of each of these cost elements is affected by 
numerous factors. These factors were identified 
and a method to evaluate the level of inaccuracy 
in the estimated costs of all-in labour rates, 
all-in plant rates, materials, sub-contractors and 
labour productivity rate have been evaluated in 
chapters 4,5,6,8 and 9). 
10.10.2 Combining Some Variabilities 
It is shown in the first part of this chapter how 
the evaluated inaccuracy of the estimates of all-
in labour rate and labour productivity rate can be 
combined to produce the overall inaccuracy of the 
estimated total labour costs. By using the same 
approach, the inaccuracy of the estimates of all-
in plant rate and plant productivity rate can be 
combined to produce the overall inaccuracy of the 
estimated total plant costs. 
The constituent elements of site overheads are 
shown in fig.lO, chapter (3), and the calculations 
of site overheads costs is given in appendix (F). 
It can be seen that the level of variability of 
the estimated site overheads cost is the resultant 
of the variabilities arising from the estimates 
of: labour costs, plant costs, materials costs, 
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and sub-contractors 
chapter (3). It 
therefor~ that the 
site overheads cost 
variabilities. 
costs, figs. 4 and 12 , 
can be reasonably assumed, 
variability in the estimated 
is the average of these four 
By combining the four inaccuracies arising from 
the estimates of all-in labour rate, labour 
productivity rate, all-in plant rate, and plant 
productivity rate into total labour and total 
plant estimating inaccuracies respectively, the 
overall inaccuracy of a total cost estimate can 
now be attributed to five evaluated inacccuracies 
arising from the estimates of: 
1. Total labour cost 
2. Total plant cost 
3. Materials costs 
4. Sub-contractors costs 
5. Site overheads costs. 
10.11 COST PROFILE 
Skoyles (119) stated that materials and the labour spent \ 
on handling them to the fixing position, account for 
nearly half the cost of traditionally constructed 
building. Chadwick (112) showed the cost profile of the 
construction industry U.K. which indicates that materials 
costs account for 51%. However, the cost profile for 
construction projects will differ depending on several 
factors, such as: type of construction, design, ground 
conditions, type of finishing work, etc. Nevertheless, 
the proportions of the total cost of: labour, plant, 
materials, sub-contractors and site overheads, in relation 
to the total cost estimate, could easily be extracted from 
a completed cost estimate. 
10.12 EVALUATING THE OVERALL VARIABILITY OF COST ESTIMATES 
Having obtained the proportions of the estimated cost of: 
labour; plant; materials; sub-contractors and site 
overheads as a percentage of the total estimated cost, 
and having evaluated the range of inaccuracy of each of 
the five variables mentioned above, the overall 
variability of a cost estimate can be evaluated. For 
example, table (VI), column (2), shows that the 
proportions of the estimated cost of: labour; plant; 
materials; sub-contractors and site overheads as a 
2M 
percentage of the total cost estimate are: 15%1 15%1 40%1 
25% and 5% respectively, column (3) shows that the range 
of inaccuracy of these estimates in the same order, (as. 
evaluated in chapters 4,5,6,8,9 and 10), are: (-6.06% to 
+16.09%)1 (-6.06% to +16.09%)1 (-9.18% to +9.83%)1 (+5%)1 
and (-5.325% to +11.753%) respectively. Column (4) shows 
the range of inaccuracy in the total estimated cost caused 
by each individual inaccuracy. For example, for the given 
proportion of 15% of total labour cost and a range of 
inaccuracy in the estimated total labour cost is from 
6.06% to +16.09% the range of inaccuracy of the total 
direct cost is from -0.91% to +2.4135%. Finally, table 
(ii) shows the overall inaccuracy of the total cost 
estimate as from -5.758% to +10.847% • 
?05 
Table (VI). The Range of Overall Inaccuracy of Total 
Cost Estimate 
\+ qX i ' 
(1) (2) (3) 
Proportion Range of Estimating 
to Total Inaccuracy of the 
Variable Cost Variable Cost 
Estimate Estimate 
From TO 
, , , 
LABOUR 15 -6.060 +16.090 
(4 ) 
7r--. 
j 
Range of Inaccuracy 
of the Total Direct 
Cost Estimate 
From To 
, , 
-0.91 +2.4135 
-----------------------------------------------------------------
PLANT 15 -6.060 +16.090 -0.91 +2.4135 
-----------------------------------------------------------------
MATERIALS 40 -9.180 + 9.830 -3.672 +3.9320 
-----------------------------------------------------------------
SUB-
CONTRACTORS 25 0.000 + 5.000 0.000 +1.2500 
-----------------------------------------------------------------
SITE 
OVERHEADS 5 -5.325 
OVERALL ESTIMATING VARIABILITY 
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+11. 753 -0.2663 +0.5876 
-5.758 +10.597 
10.13 CONCLUSIONS 
1. To estimate the total labour cost of an item of work the 
total quantity of work is calculated, the all-in labour 
rate is estimated and the labour productivity rate is 
assessed. Dividing the quantity by the productivity rate 
the total labour-hour requirement is obtained. Multiplying 
this by the estimated all-in labour rate the estimated 
total labour costs of this item is then obtained. This 
estimated total labour cost would hold if these three 
major variables, i.e., quantity, productivity rate and 
all-in rate, remain the same as estimated at the time of 
estimating. But in practice as the project progresses, 
the quantity of work may increase or decrease from what it 
was estimated, the estimated all-in labour rate and the 
assessed productivity rate will almost always deviate from 
what was predicted. 
2. The level of inaccuracy of the estimated total labour 
costs is dependent upon the estimator's level of accuracy 
in estimating three variables: quantity of work, 
productivity rate, and all-in labour rate. The level of 
accuracy in estimating each of these variables is 
dependent upon the estimator's level of accuracy in 
assessing the combined impact of numerous factors on each 
variable. Present estimating procedures do not perform any 
explicit analysis to: 
i) quantify the consequences of possible variations 
around the estimated quantity of work, the 
assessed labour productivity rate, or the 
estimated all-in labour rate, on the estimated 
total labour costsl 
ii) quantify the combined impact of all the three 
variables, i.e., quantity, labour productivity 
rate and all-in labour rate, on the estimated 
total labour costs. 
iii) evaluate the level of the estimator's inaccuracy 
of his estimated total labour costs. 
3. An inaccurate quantity estimate will always affect the 
estimated labour costs, but will only contribute to the 
level of inaccuracy of the estimated total labour costs if 
it is combined with: inaccurate productivity rate 
assessmentl or inaccurate all-in labour rate estimatel or 
both. A distinction between the change and the inaccuracy 
of an estimated total labour costs must, therefore, be 
made. Two relations have been formulated: 
for a project (P) containing (n) items, the change of the 
estimated total labour costs, expresses as a percentage of 
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the original estimated total labour costs: and the level 
of inaccuracy of the estimated total labour costs, 
expressed as a percentage of the modified estimated cost 
are : 
Ccpn = 
Cipn = 
n = 1 
.L (Ccn) (Cen) 
n 
n = 1 
~ Cen 
n 
n = 1 
L (Cin) (C' en) 
n 
n = 1 
.2:. C' en 
n 
• (10 ) 
• • • (11) 
where : 
Ccpn = the overall change in the estimated total labour 
costs for a project (P) containing (n) items of 
work, expressed as a percentage of the original 
total labour costs estimate. 
Ccn = the change in the estimated total labour costs 
for the item (n): expressed as a percentage of 
the original total labour costs estimate. 
Cen = the estimated labour cost for the item (n). 
Cipn = the level of inaccuracy in the estimated total 
labour costs for a project (p) containing ( n) 
items of work:expressed as a percentage of the 
modified estimated total labour costs of the 
project (p) • 
Cin = the level of inaccuracy in the estimated labour 
C'en 
cost for the item (n): expressed as a percentage 
of the modified labour cost for the item (n). 
= the modified estimated labour cost for the item 
( i) • 
n = total number of work items in a project (p). 
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4. A computer model for "Total Labour Costs" has been 
constructed to evaluate the variability of the estimated 
total labour costs. The model is capable of being used to 
calculate total labour costs. It simulates the possible 
levels of variations around the assessed productivity 
rate, possible variations of work content, and the level 
of inaccuracy of the estimated all-in labour rate obtained 
from the "All-in Labour Rate Model" (chapter 4); and 
incorporates the combined effect of these variations on 
the estimated total labour costs. In the illustration 
used, for a range of variation of: -5% to +10%, -4% to 
+8% Qnd -2.3% to +6.8% in the estimated quantity, 
productivity rate, and all-in labour rate respectively the 
range of maximum change in the estimated total labour 
costs is from -10.75% to +27.7%. These changes are 
expressed as a percentage of the original estimated total 
labour costs. 
5. The level of inaccuracy of the estimated labour costs is 
produced by modifying the original labour cost estimate to 
take account of the change of quantity, equation (7). For 
the same variations given above the level of inaccuracy of 
the estimated total labour costs is from -6.06% to +16.09% 
6. The approach explained in this chapter shows how to 
combine the variabilities arising from the estimates of 
the three variables involved in the calculation of total 
labour costs, i.e., all-in labour rate, labour 
productivity rate, and quantity of work to evaluate the 
overall variability in the estimated total labour costs. 
By using the same approach the levels of inaccuracy in the 
estimate of all-in plant rate and plant productivity rate 
can be combined to evaluate the overall inaccuracy in 
the estimate of total plant costs. 
7. The overall inaccuracy of a cost estimate is attributed to 
five inaccuracies arising from the total estimated costs 
of: labour, plant, materials, sub-contractors, and site 
overheads. These inaccuracies have been evaluated in 
chapters 4,5,6,8,9 and 10. 
8. The proportions of the estimated costs of: labour, plant, 
materials, sub-contractors, and site overheads, in 
relation to the total cost estimate, is known to the 
contractor before submitting his tender. By combining the 
cost proportion of each element with the evaluated range 
of inaccuracy in the estimate of this element the range of 
inaccuracy in the total cost estimate caused by the 
estimating inaccuracy of this element is obtained. For 
example, if the proportion of the estimated labour cost is 
15% of the total estimated cost; and the range of 
inaccuracy of the estimated labour cost is from -6.06% to 
+16.09%, then the range of inaccuracy in the total 
estimated costs is from -0.91% to +2.4135% • 
9. Having obtained the range of inaccuracies in the estimated 
costs of: labour; plant; materials; sub-contractors; and 
site overheads; and the proportions of each of their 
estimated cost in relation to the total estimated cost; 
the overall inaccuracy of the total estimated cost can be 
evaluated. For example, if the proportions of the 
estimated cost of: labour; plant; materials; sub-
contractors and site overheads as a percentage of the 
total cost estimate are: 15%; 15%; 40%; 25%, and 5% 
respectively, and the range of inaccuracy of these 
estimates in the same order (as evaluated in chapters 
4,5,6,8,9 and 10) are: (-6.06% to +16.09%); (-6.06% to 
+16.09%); (-9.18% to 9.83%); (+5%); and (-5.325% to 
+11.753%) respectively, then the overall inaccuracy of the 
total cost estimate is from - 5.758 % to + 10.5~7 % • 
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11.1 SYNOPSIS 
Current 
Margin 
"Break 
relates 
methods of studying and predicting the 
Lost in Competition "A.M.L.C." is based 
Even Mark-Up" theory, (3,4,5,6,7). This 
the "A.M.L.C." to two factors: 
i) Estimating Inaccuracy; and 
ii) Number of competitors. 
Average 
on the 
theory 
It ignores the effect of Mark-up variability~ Mark-up 
variability exists in bidding situations. This variation 
arises from the different assessments of risks, overheads, 
profits and other factors. The method of adding these 
assessed amounts may cause more variations. The only 
situation in which Mark-up variability will not occur is 
when: 
a) all competitors have exactly the same level of 
estimating inaccuracy; and 
b) all competitors add exactly the same amount to 
their cost estimates for their mark-ups. 
Tender variability, therefore, can be attributed to 
estimating inaccuracy and mark-up variability. In practice 
both occur, thus the effect of both must be studied 
together. A computer programme was developed to 
investigate and quantify the combined effect of estimating 
inaccuracy; mark-up variability; average applied mark-up; 
and number of competitors on the expected value of winning 
bid and the average achieved mark-up. Assuming the 
distribution of bids is uniform formulae are derived 
and graphs are given to illustrate the results. 
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11.2 EXISTING THEORY, FACTORS, GRAPHS AND CALCULATION 
11.2.1 "Break-Even Mark-Up" Theory 
The process of preparing a bid can be summarised as: 
Bid = Cost Estimate + Mark-up. 
Whittaker (18), Fine (211) and McCaffer (2,5,212) 
describe the potential effects of estimating 
inaccuracy. They used the concept that a contract 
has a "likely cost" plus or minus A%, where A% 
represents a measure of the inaccuracy of the 
estimators' prediction of likely cost. In the 
competitive tendering process the winning tender is 
usually the lowest. Therefore, the winning tender, 
based on a cost estimate that is probably less than 
the likely cost, usually results in the profit 
margin achieved on the contract being less than the 
margin included in the tender. If a contractor 
wishes to break-even in the long term he must add a 
mark-up greater than zero to his tender. The 
amount of this break-even mark-up is a function of 
two factors: 
i) the level of estimating inaccuracy; and 
ii) the number of competitors. 
The difference, averaged over a large number of 
contracts, between mark-ups included in tenders and 
actually achieved mark-ups (or in other words the 
average difference between likely costs and 
estimated costs) has been called the "break even 
mark-up" or the "margin lost in competition". 
Fig. 88 based on work by Fine (211) and taken from 
(2) illustrates the relation between the amount of 
the average margin lost in competition and the 
factors that affect this amount. 
McCaffer (5) used the above theory in studying the 
effect of improving the accuracy of estimating. 
He calculated the average amount lost in 
competition assuming that all competitors add the 
same mark-ups to the likely cost. He considered an 
amount of winning bids large enough to be treated 
by probabilistic methods, thus covering a 
statistically representative period. The average 
difference, for a particular firm, between applied 
mark-ups and achieved mark-ups can be approximated 
by: 
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213 
j 
L (N. - I)A I 
i= 1 
(N. + I) 
I 
••.•.•.•••••••••••••..••.•.••.•..• (12) 
in which: 
j = the total number of winning bids; 
A = the average estimating limits around the 
firms likely costs; 
Ni = the number of contractors competing in 
each bid. 
Cauweleart and Heying (3) accepted the above 
theory and calculation. They demonstrated that the 
lowest bid is an erroneous price because of the 
estimating inaccuracy. They believe that 
competitors should be allowed to correct these 
inaccuracies, or at least some of them. Based on 
the analysis given above they developed a method 
which provides competitors with the possibility of 
at least partially correcting their errors. 
11. 3 WEAKNESSES 
Three points need to be revised and corrected in the above 
theory and applications, namely: 
i) 
il) 
ili) 
the factors that effect the margin lost in 
competition; 
the calculated 
competition; 
the curves that 
margin lost in 
affecting it. 
amount of the margin lost in 
illustrate the relation between 
competition and the factors 
The current method of studying and predicting the amount of 
margin lost in competition, based on the break even mark-up 
theory relates the amount of the margin lost in competition 
to two factors only: the number of competitors and the 
level of estimating inaccuracy (1,2,3,5,211). It ignores 
the mark-up variability and its effect. No study has ever 
been published in which an individual or group of 
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construction contractors has co-operated closely enough 
with a researcher so that he could measure the effect of 
the factors contributing to competitive advantage, 
(competitive advantage includes the construction methods 
used, the efficiency and variability of equipment, 
propositions of supply resources, managerial skill in 
performing the particular work, and proximity to head 
office or sites of current contracts). However, a 
comparison of published studies suggests that the mark-up 
contractors apply depends on the risk borne by the 
individual contractor. A contractor studied by Willenbrock 
(213) competed for multi-million dollar highway projects 
using mark-up of 13%-15%. Broemser (6) reports the 
bidding experience of a general building contractor, 
contracts from 70,000 - 5,000,000 U.5.dollar in size, and 
50%-90% of each cost estimate being attributed to sub-
contractors, his mark-up averaged 5%-6%. This is compared 
with the relatively small size of contracts, (1,000 
80,000 U.5. dollar) sought by a contractor studied by Morin 
and Clough (28) suggests that little work was sub-
contracted, whose mark-ups were 9% - 10% Mercer and 
Russell (44) in studying gravel supply contractors 
demonstrated that the contractors' relative prices changed 
with time. McCaffer (5) recognised the difference in 
contractors' prlclng policies and showed that there were 
different behaviour patterns with different contractors, 
some having a predominant number of high or low bids 
whereas some others behave randomly. He concluded that 
different contractors show different sensitivities in their 
success ratio to changes in their bids. This indicated 
differing skills in market judgement. He described a 
method to predict this existing variation by monitoring the 
effect of contractors' bids relative to the mean bid in a 
cumulative manner producing a pattern which indicates 
whether the contractor is currently seeking work or not. 
Grinyer and Whittaker (1) claimed that variabilities in 
mark-ups between contractors was small and could be 
ignored, but they conceded that their sample was small and 
that the conclusion was no more than an impression. 
Therefore it is reasonable to examine the effects of mark-
up variability. 
It follows that the calculated amount of the margin lost in 
competi tion is inaccurate. Thi s calculated amount 
represents only the contribution of the estimating 
inaccuracy to the total margin lost in competition. Even 
this contribution is not totally accurate as it ignores the 
effect of estimating inaccuracy on the mark-up variability. 
The estimated cost of a project is the basis of assessing 
mark-up. Any variation, therefore, in the estimated cost 
will cause variation in the applied mark-up. Let us take 
the case of two competitors who individually assess their 
mark-up at 10% of their estimated costs. Obviously, it is 
more than likely that their allowances for mark-up in each 
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bid will be different as their estimated costs will be 
different. This situation shows that even if all 
competitors assess or agree to add the same percentage as a 
mark-up to their estimating cost, mark-up variability will 
still exist, unless the level of estimating inaccuracy is 
equal to zero or the error is constant among all 
competitors. 
The existing curves given in fig. 88 (2 and 211) do not 
take into consideration mark-up variability. The most 
striking feature in these graphs is the situation where the 
number of competitors is equal to one. It shows that this 
single "competitor" must apply a mark-up greater than zero 
in order to break even in the long term. As will be seen 
When the "Break-Even Mark-Up" theory is modified this is no 
longer always the case. 
11.4 "MODIFIED BREAK-EVEN MARK-UP THEORY' 
11.4.1 "Mark-Up Variability· 
Mark-up is the amount assessed by the contractor to 
be added to the estimated cost of a project to 
allow for (i) risk, (ii) company overheads and 
(iii) profit. Variations exist in all the three 
components of mark-up. These variations arise 
because different companies assess the three 
components differently. The method of adding them 
may cause further variation (20). Some of the 
factors affecting the level of variability of the 
assessed mark-up are shown in fig. 11, chapter (3). 
Firstly, the assessment of the degree of risk 
involved in a possible job will depend on the 
contractor's ability, the kind - of job under 
consideration, the experience of the company in 
this particular kind of work, the location of the 
work, etc. All these factors will be interpreted 
differently from one contractor to another. Each 
of them will add an amount which he thinks is 
reasonable relative to his circumstances. 
Furthermore, these different assessments have to be 
translated into money terms which again is a 
subjective assessment and creates more variation in 
the final assessment of risk. 
Secondly, the process of estimating the general 
overheads consists of three steps: 
i) calculating the amount of general expensesl 
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ii) assessing the likely turnover of the current 
yearl and 
iii) allocating the appropriate additions which 
should be made to the direct costs for each 
job to recover the general expense. 
These calculations and assessments will obviously 
vary from one company to another. A major cause of 
variation is the fact that only a small portion of 
total overhead costs can be attributed to each job 
and the exact amount cannot be determined unless 
the total volume of work is known. General 
overheads, therefore, must be spread over an 
estimated, but unknown, amount of work. 
Furthermore, the cost of financing a construction 
project must be included in the mark-up additions 
for head office overheads. This is calculated from 
the cash flow analysis for the project and may vary 
from one company to another. The importance of 
management of cash flow is emphasised by Smith 
(214). Spellmans (215) and Tapner (216) have shown 
how construction companies fail principally because 
of cash flow problems. Details of construction 
cash flow forecasting methods are explained by Kerr 
(217), McCaffer and pike (218), McKay (219) and 
Cookeand Jepson (220). 
Lastly, profit is the contractor's assessment of 
the amount which he considers feasible to add to 
his cost estimate in the existing market 
conditions. The factors that influence the 
contractor in his assessment are enormous. Most of 
these factors are largely beyond his control, i.e., 
the total work available in the market, the number 
of competitors, the economic environment and the 
government policy. The assessment of profit, 
therefore, will vary from time to time and the 
interpretation of market conditions will vary from 
company to company and from one person to another. 
It follows that the assessment of profit will 
almost always be different among competitors. 
11.4.2 Analysis 
Tender variability can be attributed to estimating 
inaccuracy and mark-up variability as illustrated 
in fig. 89. In practice both occur, thus the effect 
of both must be studied together. 
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Fig. 90 Demonstration of how the estimate of the average 
amount lost in competition is derived (assuming 
a uniform distribution of bids). 
219 
b'2 
.. 
Likely Cost 
The cost that an estimator is trying to produce for 
a job, at least in theory, is the most likely cost 
to this company for executing the particular 
contract. In the average general building 
situation, where there is not a large element of 
highly specialised work and where contractors are 
of similar efficiency, especially in areas where 
staff and labour move from company to company, it 
can be assumed that the "likely cost" of a contract 
to each company is similar. 
Estimating Inaccuracy 
Different estimators will assess in different ways 
the effects of the enormous number of variables 
involved in the estimating process; thus several 
estimators are liable to produce a range of cost 
estimates. This range can be described as: 
range of cost estimates = likely cost 
(estimating inaccuracy level x likely cost) • 
Fig. 90a shows the range of possible cost estimates 
produced by all estimators from al to a2. 
the range 
where: al 
a2 
C 
is 
= 
= 
= 
(1 ;10 A)C 
lower limit of range of cost estimates; 
upper limit of range of cost estimates; 
Likely Cost; and :A represents the 
level of estimating inaccuracy round 
the likely cost C. A is expressed as a 
fraction of C. Thus when A is 10% al is 
0.9C and a2 is 1.lC. 
Mark-Up Variability 
To calculate the tender, competitors add a mark-up 
to their cost estimates. In a practical situation 
the added mark-up will vary from one competitor to 
another. 
Fig. 90b shows the range of possible applied mark-
ups from bl to b2 as being (ltB)P, where P 
represents the average applied mark-up among all 
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competitors and ~B represents the average level of 
variation in the applied mark-ups round (P). (B) 
is expressed as a fraction of P. 
bl and b2 represent the lower and upper limits of 
range of applied mark-ups respectively. 
In this analysis B is expressed as a percentage of 
(P) • But in the graphs, in order to simplify the 
illustration, the three variables A,B, and Pare 
given as percentage of the average likely cost C. 
Distribution of Possible Bids 
Fig. 90c shows the distribution of possible bids 
and assumes that all possible bids for a given job 
are uniformly distributed in the range (Xl, X2) so 
that any bid L~) is Xl <: t.::: X2. 
The range of possible bids is from Xl to X2, where: 
Xl = (1 - A)C + (1 - B)P (1 - A)C 
X2 = (1 + A) C + (1 + B) P (1 + A) C 
• • 
• 
• 
• 
(13 ) 
(14 ) 
The assumption of a uniform distribution, is only 
made here to simplify the mathematical procedure, 
but the reasoning applies to all distributions, 
e.g., the problem can be solved for other 
distributions by simulation. 
Factors Affecting the Margin Lost in Competition 
In the competitive tendering process the winning 
tender is usually the lowest. Therefore, it 1S 
highly probable that most winning tenders will have 
cost estimates and mark-ups which are low in the 
range. Thus, the winning tender, based on a cost 
estimate which is probably less than the likely 
cost and a mark-up which is probably less than the 
average applied mark-up, usually results in the 
mark-up achieved on the contract being less than 
the mark-up included in the tender. 
Fig. 90d shows the distribution of winning bids 
(assuming uniform distribution for bids), M is the 
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mean bid and E is the mean of winning bids. Over a 
large number of contracts the average difference 
between mark-ups included in tenders and achieved 
mark-ups is the average difference between the mean 
of the winning bids and the mean of all the bids. 
This average difference represents the average 
margin lost in competition, or the "break-even 
mark-up". 
If a competitor did not wish to make a profit but 
wanted merely to break even and attempted to do so 
by adding a zero mark-up to his tender, he would, 
because of estimating inaccuracies and mark-up 
variabilities, make a net loss over a number of 
contracts. In order to break even in the long 
term, he would have to apply a mark-up greater than 
zero. This amount of mark-up needed to break even 
depends on: 
i) the general level of estimating inaccuracy; 
ii) the general level of variation in applied 
mark-ups; 
iii) the average applied mark-up; and 
iv) the number of competitors. 
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11.5 ALL-INCLUSIVE FORMULAE 
Figure demonstrates how the estimate of the average amount lost in 
competition is derived. 
area = 
dL I 
Figure 91 Probability Density Function of 
Range of Uniformly Distributed Bids 
From Fig 91 if L is the lowest bid and is a bid in the range Xl to X2 then 
Pr(I2 f) = Pr(aII~) 
•. The probability density function f{.t) 
:. The probability density function f{t) 
d 
= -- Pr (I2t) d 
n 
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Thus the smallest bid has the mean value 
Thus 
Hence 
Xl = (t-A)C + (l-B)P(t-A)C 
X2 = (t+A)C + (t+B)P(1+A)C 
X2- Xl = [(I-A)C + (l-B)P(I-A)C] - [O+A)C + (l+B)P(1+A)C) 
= C [2A + 2P (A+B)] 
E(L) = Xl X2 - Xl + 
n+1 
= [(I-A)C + (I-AC + (l-b)P(l-A)C] + C[2A+2P(A+B)] 
n+l 
= [ (l-A)(I +P-BP) + C[2A:2:~A+B)1] C 
i.e_ E(L) = [Y]C ......................................................................................... (15) 
where 
E(L) is the Expected value of the winning bid 
Y = Ratio between expected value of winning bid and likely cost, given by 
2A+2P(AtB) 
Y = (l-A)(l +P-BP) + 1 
n+ 
where: n is the number of competitors 
C is the average likely cost 
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........................................ (16) 
On average the n bids are uniformly positioned in the interval (Xl, X2) at 
X2 - XI 
................. X2 - n + I 
Over a large number of contracts the average difference between the mean of the 
winning bids (EL) and the mean of all the bids M is the average margin lost in 
competition. 
i.e. Average margin lost in competition 
From (15): E(L) = (y)e 
i.e. Average margin lost in competition 
where Y is as given in (16) 
= M- E(L) 
= (e + ep) - E(L) 
= [(1+P) - Y]e ...................... (17 ) 
The average achieved mark-up is equal to the expected value of winning bid E(L) 
minus the average likely cost (e). 
i.e. average achieved mark-up = E(L)-e 
= ye-e 
= (y-1)e .................................................... (18) 
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11.6 COMPUTER MODEL 
A simulation programme was developed, fig.92, based on the 
above analysis and formulae, to explore sensitivity of the 
Margin Lost in Competition to variations in the four 
variables: Estimating Inaccuracy "A"; Mark-up variability 
"B"; Average Applied Mark-up "PO; and number of competitors 
Rn". Examples of the results are given graphically in 
figs. 93 to 99. 
1l.6.l Example 
Given that: 
Then: 
A = 
B = 
P = 
n = 
;I; 10% 
±. 50% 
10% 
9 
of C 
of P (Le. 5% of C) 
RATIO BETWEEN EXPECTED VALUE OF WINNING BID AND 
LIKELY COST 
2A+2P (MB) 
Y = (I-A) (l+P-BP) + ---------- • • • (16) 
n+l 
2(0.1)+ 2xO.l(0.1+0.5) 
= (1-0.1) (1+0.l-.5xO.l) + ----------------------
9+1 
= 0.977 
EXPECTED VALUE OF WINNING BID 
E (L) = (Y) C • • • • • • • (15 ) 
= 0.977 C 
i.e. = 97.7% of likely cost 
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AVERAGE MARGIN LOST IN COMPETITION 
AMLC = ((1tP)-(Y)] C • 
= [11+0.1)- (0. 977U C 
= 0.123 C 
i.e. = 12.3% of likely cost 
AVERAGE ACHIEVED MARK-UP 
AAMU = (Y-l)C • 
= (0.977 - 1) C 
= - 0.023 C 
• 
i.e. = -2.3% of likely cost 
• 
• 
• • • 
(17) 
• • 
• (18) 
The graphs in fig. 93 show this result, figs. 
94,95,96 and 97 show the average margin lost in 
competition for several different ranges of 
estimating inaccuracies (A), mark-up variabilities 
(B), average applied mark-up (P), and number of 
competitors (n). 
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Fig. 93 
A = Average level of estimating inaccuracy 
expressed as a percentage of the likely cost. 
B = Average level of variation in applied mark-up 
expressed as a percentage of the likely cost. 
P = Average applied mark-up. 
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Fig. 94 
A : Average level of estimating inaccuracy 
expressed as a percentage of the likely cost. 
S : Average level of variation in applied mark-up 
expressed as a percentage of the likely cost. 
P : Average applied mark-up. 
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A = Average level of estimating inaccuracy 
expressed as a percentage of the likely cost. 
S = Average level of variation in applied mark-up 
expressed as a percentage of the likely cost. 
P = Average applied mark-up. 
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Fig. 96 
A = Average level of estimating inaccuracy 
expressed as a percentage of the likely cost. 
B = Average level of variation in applied mark-up 
expressed as a percentage of the likely cost. 
P = Average applied mark-up. 
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Fig. 97 
A = Average level of estimating inaccuracy 
expressed as a percentage of the likely cost. 
e = Average level of variation in applied mark-up 
expressed as a percentage of the likely cost. 
P = Average applied mark-up. 
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11.7 SPECIAL CASES 
11. 7.1 Case (1): 
THE EFFECT OF MARK-UP VARIABILITY ON THE MARGIN 
LOST IN COMPETITION 
The contribution of either the estimating 
inaccuracy or mark-up variability to the total 
margin lost in competition can be derived from the 
equations mentioned above. For instance, if we 
substitute (A=O.O) in equations (16) and (17) we 
get the contribution of mark-up variability to the 
total margin lost in competition: 
Y = (l-AX1+P-BP)+ 2A+~;~+B) ...................................... (16) 
A = 0.0, then: 
Y = (1+P-BP) + ~ 
n+1 
The average mark-up lost in competition AMLC is: 
= [(1+P)-y) .. e. ........................................................................... (17) 
= [ (l+P) - { (l+P-BP) + :!~ } ] C 
AMLC = [ BP - :!~ J c .............................................. ( 19) . 
A = 0.0 
The graphs in Figure98 show this. 
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Fig. 98 
A = Average level of estimating inaccuracy 
expressed as a percentage of the likely cost. 
B = Average level of variation in applied mark-up 
expressed as a percentage of the likely cost. 
P = Average applied mark-up. 
235 
11.7.2 Case (2): 
THE EFFECT OF ESTIMATING INACCURACY ON THE AVERAGE 
MARK-UP LOST IN COMPETITION 
As in case (1), put B = 0.0 in equations (16) and (17): 
AMLC = ( (1 +P) - { (l-A)(l +P) + 2;~ ~P) } ] C............... ( 20) 
B = 0.0 
The graphs in fig. 99 show this. 
11.7.3 Case (3): 
MARGIN GAINED IN COMPETITION 
In the situation where: n = 1, A ~ 0.0 and B = 0.0; 
or n = 1, A = 0.0 and B • 0.0 
there is no margin lost or gained in "competition" 
then the contractor (the only competitor) need not 
apply a mark-up greater than zero in order to 
break-even in the long term. This can be 
calculated by substituting these assumptions in 
equations (20) and (19) respectively. Figs. 99 and 
98 demonstrate this case. 
In the situation where n = 1, A * 0.0, B • 0.0 and 
P .0.0, there is a margin gained in "competition", 
as shown below in example (2). So, this single 
contractor would have to subtract a percentage from 
his tender in order to break even in the long term. 
The graphs in figs. 93,94 and 95 show this special 
case. 
These theoretical situations are given here to 
highlight the corrections needed in the original 
graphs in fig. 88 based on the traditional "break-
even mark-up" theory which shows a margin lost in 
competition even when number of "competitors" is 
one, and to show that the all-inclusive formulae 
15,16,17 and 18 can be applied to every situation. 
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Fig. 99 
A = Average level of estimating inaccuracy 
expressed as a percentage of the likely cost. 
B = Average level of variation in applied mark-up 
expressed as a percentage of the likely cost. 
P = Average applied mark-up. 
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11.7.4 Example 
Given that: 
A = ;I; 10% of (C) 
B = ;I; 50% of (P) (i.e. = 5% of C) 
P = 10% 
n = 1 
Then: 
2A+2P(A+B) 
Y = (I-A) (l+P-BP) + ----------- • • • (16 ) 
n+l 
2 (0.1)+ (2xO.l) (0.1+0.5) 
Y = (1-0.1) (1+0.1-0.5xO.l)+ -----------------------
Y = 1.105 
A.M.L.C. = [<1+P-YU C 
= (1.1 - 1.105) C 
= - 0.005 C 
1+1 
(17 ) 
i.e. Average Margin Lost in Competition = -0.5% of 
C (gain) 
This is illustrated in fig. 93. 
A.A.M.U. = (Y-l) C 
= (1.105 -1) C 
= 0.105 C 
• • • • • 
i.e. Average Achieved Mark-Up = 10.5% of (C) 
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(18) 
11.8 CONCLUSIONS 
1. Current methods of studying and predicting the Average 
Margin Lost in Competition, AMLC, are based on the "Break 
Even Mark-Up· theory. This theory relates the AMLC to two 
factors: 
i) estimating inaccuracy; and 
ii) number of competitors. 
It ignores the effect of mark-up variability. 
2. Mark-up variability exists in bidding situations. This 
variation arises from the different assessments of risks, 
overheads, profit and other factors. The method of adding 
these assessed amounts may cause more variations. The 
only situation in which mark-upvariability will not occur 
is when: 
a) All competitors have exactly the same level of 
estimating inaccuracy, i.e. all competitors 
estimate exactly the same cost; and 
b) All competitors add exactly the same amount to 
their cost estimates for their mark-ups. 
3. Tender variability can be attributed to estimating 
inaccuracy and mark-up variability. In practice both 
occur, thus the effect of both must be studied together. 
4. In the competitive tendering process the winning tender is 
usually the lowest. Thus the winning tender based on a 
cost estimate which is less than the likely cost and a 
mark-up which is less than the average applied mark-up 
usually results in the mark-up achieved on the contract 
being less than the mark-up included in the tender. Over 
a large number of contracts the average difference between 
mark-ups included in tenders and achieved mark-ups is the 
margin lost in competition. If a competitor wishes to 
break-even in the long term he would have to apply a mark-
up greater or lower than zero to compensate for 
differences between the likely cost and estimated costs 
and between the average applied mark-up and the applied 
mark-ups in his winning tender. This mark-up needed to 
break even is called the "Break Even Mark-Up· or the 
"Margin Lost in Competition" and is a function of: 
i) the general level of Estimating Inaccuracy; 
ii) the general level of Mark-Up Variability; 
iii) the average Applied Mark-Up; and 
iv) the number of competitors. 
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5. Formulae are derived, assuming the distribution of bids to 
be uniform, to calculate: the expected value of winning 
bidl the ratio between expected value of winning bid and 
likely costl the Average Margin Lost in Competition 
"A.M.L.C.-l and the Average Achieved Mark-Up "A.A.M.U." 
E (L) = (Y) C • • • • • • • • (15 ) 
2A+2P(A+B) 
Y = (I-A) (l+P-BP) + ---------- • • • (16) 
n+l 
A.M.L.C. = ((l+Pl-.(Y)] C 
A.A.M.U. = (Y-l) C 
• 
• 
• • 
• • 
• • 
• • 
• 
• 
(17) 
(18) 
Where: 
E(Ll is the expected value of the winning bid 
Y represents the ratio between expected value of 
winning bid and likely cost 
A.M.L.C. is the Average Margin Lost in Competition 
A.A.M.U. is the Average Achieved Mark-up 
C represents the likely cost 
A represents the average general level of 
estimating inaccuracy among all competitors and 
expressed as a fraction of the likely cost (C) 
P represents the average applied mark-up among 
all competitors 
B represents 
variability 
fraction of 
the 
round 
(P) 
average level of 
(P) and expressed 
n represents the number of competitors. 
mark-up 
as a 
6. Special cases can be derived from the above formulae. 
The contribution of either the estimating inaccuracy or 
mark-up variability to the total margin lost in 
competition can be derived from the formulae 16 and 17 
above. By substituting A=O.O and B=O.O respectively we get 
the contribution of mark-up variability and estimating 
inaccuracy to the total margin lost in competition. 
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AMLC 
A = 0.0 
= [ BP - 2BPj C 
n+1 (19) 
AMLC = I (ltP)- { (I-A)(1+p)+~~+r)}]c (20) 
B = 0.0 
Another special case is where: n = 1 i.e., number of 
"competitors" = 1. In this theoritical case, if the only 
"competitor" wishes to break even in the long term, he 
does not need to apply a mark-up greater than zero. In 
some cases he needs to subtract a percentage from his 
tender. These are other modifications in the graphs given 
in fig. (88) which are based on the traditional "Break-
Even Mark-Up" theory. 
7. New graphs are 
factors affecting 
effects. 
given to illustrate and quantify the 
the Margin Lost in Competition and their 
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CHAPTER ( 12 ) 
CON C L U S ION S 
12.0 CONCLUSIONS 
The two elements of a tender sum are the cost estimate and 
the mark-up. variations in tenders can be attributed to 
inaccuracy in the estimate and variations in the applied 
mark-up. The weaknesses of current published literature 
are that the causes of the inaccuracy in the estimate or 
the variability in a mark-up are not defined in such a way 
that they can be analysed and evaluated. The inaccuracy of 
a cost estimate results from combining the inaccuracy of 
its constituent elements. Thus the inaccuracy of each 
element needs to be evaluated. The consequences of 
estimating inaccuracy and mark-up variability are 
inadequately described in current literature, which tends 
to assume that mark-up variability is negligible. 
This research addresses these weaknesses. Firstly, tender 
variability was broken down into estimating inaccuracy and 
mark-up variability. These two variables were then sub-
divided into their constituent elements. The elements of 
estimating inaccuracy are the inaccuracies arising from the 
estimates of all-in labour rate, all-in plant rate, labour 
productivity, plant productivity, materials costs, sub-
contractors costs, and site overheads. The elements of 
mark-up variability are the variability arising from the 
assessments of overheads, risk, and profit. 
Secondly, For each constituent element of a cost estimate 
the factors that cause variability in the estimate of this 
element were defined and a computer model to evaluate the 
inaccuracy of the element estimate was constructed. Each 
model, for each element, is capable of calculating the cost 
estimate of the element and evaluating the level of 
inaccuracy of its estimated cost. The variability leading 
to the estimating inaccuracy in the element's cost estimate 
was evaluated for: each factor; each group of factors; and 
for the effect of all the factors together. 
Thirdly, The 
elements are 
inaccuracy of 
evaluated inaccuracies of all the constituent 
then combined and the overall level of 
the total cost estimate is evaluated. 
Fourthly, The "Break-Even Mark-Up" theory, which is 
traditionally used to study the consequences of estimating 
inaccuracy, is critically reviewed and modified. A new 
factor "Mark-Up Variability" is introduced and all-
inclusive formulae are derived to quantify the combined 
effect of estimating inaccuracy, mark-up variability, 
average applied mark-up and number of competitors. The 
consequences of estimating inaccuracy and mark-up 
variability on the expected value of winning bid and on the 
average achieved mark-up of the winning bid are quantified. 
From the work undertaken the following conclusions were 
drawn: 
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12.1 ANALYSES OF ESTIMATING INACCURACY, MARK-UP VARIABILITY AND 
TENDER VARIABILITY 
The conclusions presented here are based on the work 
described in chapter (3). 
The process of estimating and tendering for construction 
work consists of two separate but related tasks, estimating 
and tendering. Estimating consists of calculating the 
probable cost to the contractor of efficiently carrying out 
the work if awarded the contract. Tendering consists of 
establishing the final price and terms for the contract. 
Thus, on completion of the cost estimate, additions are 
made to cover the cost of head office overheads, profit and 
risk. This produces a total tender sum for the project. In 
most construction contracts the contractor is selected on 
the basis of a competitive tender. 
12.1.1 Analysis of Estimating Inaccuracy 
There are several methods of estimating the cost of 
the construction of a project. The most known are: 
Unit method; Space method; Element method; 
Approximate Quantity method; Detailed Cost 
Estimating Method. When at the stage of submitting 
a tender for a project, the contractor's estimator 
is concerned only with detailed cost estimating. 
The overall level of contractors' estimating 
inaccuracy is the resultant of seven different 
inaccuracies arising from the estimates of: all-in 
labour rate; all-in plant rate; labour productivity 
rate; plant productivity rate; materials costs, 
sub-contractors costs and site overheads costs. Any 
analysis to develop a method to evaluate the 
overall level of inaccuracy of a cost estimate must 
break down the cost estimate into the above 
constituent elements; analyse each constituent 
element to define all the factors affecting its 
estimate; evaluate the effect of inaccurate 
assessment for each factor on the total estimated 
cost of the element; evaluate the combined effect 
of inaccurate assessments of all the factors 
together on the total estimated cost of the element 
and hence evaluate the level of inaccuracy of the 
final cost estimate of this element. The overall 
inaccuracy of a direct cost estimate can then be 
obtained by combining the inaccuracies arising from 
all its constituent elements. 
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12.1.2 Analysis of Mark-Up Variability 
The overall level of variability in mark-ups is 
the resultant of the combined effect of three 
different variabilities arising from the different 
assessments of: head office overheadsl riskl and 
profit. These variations arise because different 
companies assess the three components differently. 
The method of adding them may cause further 
variation. The level of variation in each of these 
elements will depend on the variability arising 
from the different assessments of numerous factors 
affecting each element. 
12.1.3 Analysis of Tender Variability 
Any method to investigate, analyse, and evaluate 
tender variability and its consequences must take 
into consideration estimating inaccuracy and mark-
up variability. As both occur in practice, thus the 
effect and consequences of both must be studied 
together. 
12.2 EVALUATING THE INACCURACY IN ESTIMATES OF ALL-IN LABOUR 
RATE 
The conclusions presented here are based on the work 
described in chapter (4). 
12.2.1 Modelling All-In Labour Rate 
In the process of calculating the all-in labour 
rate the estimator must assess the different 
variables involved. Current works on pricing and 
estimating the cost of labour are unable to relate 
"possible" or "average" costs to the "possible" or 
"average" conditions to which they pertain. 
Predicting the level of inaccuracy on the estimated 
cost/hour is invaluable to both estimators and 
senior management in improving estimates. These 
aims are achieved using sensitivity analysis and a 
simulating programme to build up a "Labour Cost 
Model". 
This "Labour Cost Model" is based on the 
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identification of 19 variables involved in the 
calculation of the all-in labour rate and on the 
establishment of the ranges of possible variations 
around the assumed assessments for these variables. 
Hence from the given graphs, figs. 13 to 18, both 
the maximum and average ranges of inaccuracy in the 
calculated all-in labour rate can be predicted from 
any range of variation around the assumed 
assessments. 
12.2.2 The Use of All-in Labour Rate Model 
These graphs and analyses measure the increase or 
decrease in the total calculated all-in labour rate 
for assumed ranges of variation around the assumed 
assessments of each variable or group of variables 
involved in the calculation. Hence, the relative 
importance of the variables can be obtained for 
each set of data. A better understanding of where 
the greatest error occurs may be established and 
the degree of risk which the estimator is taking 
for any range of possible variation around his 
assessments may be predicted. For example, for + 
or - 30% variations, the range of inaccuracy in the 
calculated all-in rates due to: inclement weather 
and sick leave variations is + or - 2%; due to 
inclement weather, sick leave and redundancy 
payment variations is + or - 2.3%; due to 
supervision allowances (variation 7:1 to 2:1) is 
from -4.3% to +8.8%. Combining these four 
variables and taking the extremes of variation in 
all cases the range of inaccuracy in the estimated 
all-in rate is from -6.5% to +11%. Combining these 
four variables but not choosing the variation in 
the same direction produces a range of inaccuracy 
in the calculated all-in rate from -2.3% to +6.8% • 
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12.3 EVALUATING THE VARIABILITY IN THE ESTIMATES OF ALL-IN PLANT 
RATE 
The conclusions presented here are based on the work 
described in chapter (5). 
12.3.1 Causes of Inaccuracy 
Variability in plant cost estimates is caused by 
the different assessments for the values of the 
variables involved in the calculation. Different 
interpretations of the project-related factors 
which influence the assessments of these variables, 
the level of management efficiency and planning 
skill both on site and in company, and the 
different methods used in the calculations of "all-
in" plant rate all combine to produce these 
different assessments. 
• 
12.3.2 Modelling All-In Plant Rate 
Predicting the level of inaccuracy in the estimated 
"all-in" plant rate is useful to both estimators 
and senior management in improving estimates. :This 
may be achieved using sensitivity analysis and' a 
simulation program to build up a "plant 'Cost 
Model". This "Plant Cost Model" requires the 
identification of the variables involved in . the 
calculation of the "all-in" plant rate and the 
estimate of the range of possible variations around 
the assumed values for these variables. From the 
given graphs , figs. 19 to 27, the levels of 
inaccuracy in the calculated "all-in" plant rate 
due to: number of hours worked/year is from -24.37% 
to +73.18%; plant useful life is from -14.66% to 
+44.54% ; required rate of return is from +6.24% to 
-6.00% ; maintenance and repairs allowances is + or 
- 8.97% ; resale value is from -1.11% to +1.14% ; 
tax licence and insurance is from +0.44% to -0.40%; 
number of litres of fuel consumed/hour is from 
+13.40% to -13.41% ; and due to oil and grease cost 
is + or - 1.22%. The extent of variations in each 
of the variables being + or - 50% around the 
assumed initial value. 
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12.3.3 Other Use of The Model 
The effect of varying the assumed value of any 
variable is given in the graphs, for example, 
increasing the assessed number of worked hour/year 
by 30%, that is, from 1700 hours/year to 2210 
hours/year, will reduce the calculated cost/hour by 
16.78%, i.e., from £24.58/hour to £20.43/hour. 
Combining all the graphs together as in fig. 27, 
the relative importance of the variables is shown 
for one set of data. The variables which require 
the greatest attention and care are highlighted and 
a better understanding of where the greatest 
of inaccuracy may occur can be established. 
degree of risk which the estimator is taking 
any range of possible variation around 
assessments is also evaluated. 
level 
The 
for 
his 
In these calculations the assessed values for each 
variable and the percentage of variation are 
indicative. Adding more variables to the analysis, 
using different values for the variables and 
different ranges of variations will not invalidate 
the analysis. The applications of this type of 
analysis should make it possible to produce 
progressively more accurate estimates for plant 
cost. 
12.4 EVALUATING THE VARIABILITY'IN ESTIMATES OF MATERIAL COSTS 
The conclusions presented here are based on the work 
described in chapter (6). 
12.4.1 Modelling Materials cost estimates 
A computer program was developed to calculate 
material costs and to study the effect of 
variations in the individual variables on the 
estimated material cost. Four factors were chosen 
for study, these were "total discounts"; 
"allowances for handling"; allowances for 
wastages"; "increase/decrease in materials prices". 
The allowances in the estimated materials cost 
assumed as a starting point for these were 10%, 5%, 
10% and 15% respectively. Given a basic price 
delivered to site of ·x" these allowances would 
produce a total estimated cost of 1.19542X. 
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12.4.2 The Use of the Model 
variations of plus or minus 25% of these assumed 
allowances were studied in turn. The results 
presented in figs. 28 to 32 were as follows 
Variations in Resultant variation in 
estimated material cost 
Total discount plus or minus 2.78% 
Allowance for handling plus or minus 1.19% 
Allowance for wastage plus or minus 2.27% 
Allowance for increase/decrease 
in material prices plus or minus 3.26% 
Assuming all the + or - 25% variations in these 
allowances fell in the same direction then the 
resultant variation in the estimated materials 
costs was from -9.18% to + 9.83%. Assuming that the 
possible variations around the assessments of the 
four factors do not fall in the same direction and 
that some of the variations fall toward one 
direction and some toward the other, the possible 
level of estimating inaccuracy can be predicted. 
For example, if the allowances for multiple 
handling, wastage, and increase in material price 
are over estimated by 25%, and the discount 
obtained is underestimated by 25% the resultant 
inaccuracy in the estimated material costs is 
3.06%. Where the discount is underestimated the 
other three assessments are overestimated the 
estimated inaccuracy is + 2.9%. 
The costs used in these calculations and the 
percentage of inaccuracies are indicative. Adding 
more variables to the analysis, assessing different 
allowances for the variables and assessing 
different ranges of variations will not invalidate 
the analysis. The applications of this analysis 
should make it possible to produce progressively 
more accurate estimates for materials cost. 
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12.5 EVALUATING THE VARIABILITY 
ESTIMATES 
IN SUB-CONTRACTORS' 
• 
COST 
The conclusions presented here are based on the work 
described in chapters (7) and (8). 
12.5.1 The Importance of Sub-Contractors 
The extent to which construction companies are now 
using sub-contractors and labour only sub-
contractors is shown in the statistics describing 
the structure of the industry. The growth in one-
man firms of 136% by number, 254% by value of work 
done and of 136% in number employed in five years, 
1979 to 1984, and the strong growth in firms 
employing seven or less of 116% by number) 500% by 
value of work done and of 79% in number employed in 
ten years, 1974 to 1984, this coupled with the fact 
that over the same period of ten years, 1974 to 
1984, the bigger firms employing 8 or more have 
decreased by 23% in number and by 35% in the number 
employed shows that labour has been leaving the 
larger companies and setting up on their own. The 
force that has caused this is the recession in 
demand on the industry which has increased 
competition and meant that the large companies 
cannot guarantee continuity of work and has also 
forced tighter tenders. These tighter tenders have 
been achieved by more sub-contractors supplying 
tighter quotations. In other words the larger 
companies have endeavoured to sub-contract the risk 
inherent in" tight tenders. This in" turn has 
changed the risk areas in the estimating process 
which is now in areas such as estimating 
attendances, materials wastage and in assessing the 
risk inherent in disruptions caused by sub-
contractors who fail to perform adequately. The 
evaluation of this disruption is probably the 
estimator's largest current difficulty equating to 
or exceeding estimating their own labour forces 
output but with less reliable data on which to base 
their assessments. 
12.5.2 The Importance of Sub-Contractors' Cost Estimates 
with today's confirmed trend towards more sub-
contractor's, the general level of estimating 
inaccuracy depends to a large extend on the 
estimator's level of accuracy in estimating sub-
contractors' costs. Several factors affect this 
level of inaccuracy, such as: the level of 
efficiency in planning and control the sub-
contracted work, the standard of site supervision, 
etc. The effect of these factors is to extend the 
sub-contractor duration. The effect of extension 
is to disrupt other sub-contractors' works, main-
contractor's work and the project overall 
schedule. The difficult task is to quantify the 
time and cost implications of these disruptions. 
Quantifying possible degrees of sub-contractors 
disruptions is invaluable to both estimators and 
senior management in improving estimates. These 
aims are achieved using sensitivity analysis to 
build up a "Sub-Contractors Cost Model". 
12.5.3 Modelling Sub-Contractors' Disruptions 
This Model is based on the network diagram in which 
the estimator has used in assessing the sub-
contractors costs, and on the establishment of the 
possible increase in the assessed durations for 
each sub-contracted work. Hence, from the given 
graphs, figs. 46 to 54, the degree of inaccuracy in 
the estimated overall project duration can be 
predicted for any sub-contractor involved in the 
project. Depending on individual project 
circumstances, which are known to the main-
contractor, e.g. main-contractor - sub-contractor 
and main-contractor - client contract conditions, 
main-contractor overhead, attendances, etc., the 
consequences in time terms can be translated to 
money terms. The given graphs show the 
quantification of sub-contractors' disruptions in 
time and money terms. 
12.5.4 Quantification of Sub-Contractors' Disruptions 
These graphs and analyses quantify any possible 
degree of disruption, by each sub-contractor 
involved in a project, in time and cost terms. 
Hence, the relative importance of the sub-
contractors can be obtained for each set of assumed 
durations. A better understanding of what the 
greatest loss may occurs can be established and the 
degree of risk which the estimator is taking for 
any level of possible disruption may be predicted. 
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For example, for 50 % disruption, the degree of 
inaccuracy in the estimated overall project 
duration caused by: steel fixing sub-contractor is 
5.26 %; by formwork sub-contractor is 42.11 % ; 
and by concreting sub-contractor is 2.63 %. And 
for the same 50 % disruption, the degree of 
inaccuracy in the total project estimated cost 
caused by : steelfixing sub-contractor is 5 %; by 
formwork sub-contractor is 32 % ; and by concreting 
sub-contractor is 1.5 % 
The assumptions used in these calculations and the 
percentage of inaccuracy are indicative. Adding 
more sub-contractors to the network, assessing 
different durations for the sub-contracted 
activities, translating time into money terms from 
different contract conditions, and assessing 
different degrees of disruptions will not 
invalidate the analysis. The applications of this 
analysis should make it possible to produce 
progressively more accurate estimates for sub-
contractor costs. 
12.6 EVALUATING THE VARIABILITY OF LABOUR PRODUCTIVITY 
The conclusions presented here are based on the work 
described in chapter (9). 
12.6.1 The Variables Affecting Labour productivity 
TO estimate duration of an activity, the resources 
normally used on such activities, the work content 
of the activity and the average productivity on 
similar activity from several sources are 
considered. This activity duration estimate would 
probably hold if during its life these three major 
variables remain the same as envisaged at the time 
of estimating. But in real life as the project 
progresses, the quantity of work may increase or 
decrease from what it was estimated; the planned 
number of resources and productivity rate will 
almost always deviate from what was predicted. The 
factors that cause these variations are numerous. 
The assessment of their combined impact on the 
three variables is complex, dynamic and 
interdependent. This level of variability will 
determine the level of accuracy of the estimated 
activity duration. Activity duration and its cost 
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are, therefore, directly affected by only these 
three major variables, i.e., quantity, resources 
and productivity rate. All the other factors such 
as climate, space congestion, labour unrest, design 
changes and rework, etc., affect activity duration 
by influencing the major three variables. If an 
activity deviates from its original schedule it 
could only be brought back by changing one or more 
of these three major variablesl by either improving 
and/or increasing productivity ratel by changing 
the number of resources and/or number of worked 
hours per daYl or by changing quantity of work. 
12.6.2 Modelling Labour Productivity 
A computer model has been constructed to model 
labour productivity rates. The model is capable of 
being used to calculate activity duration and cost. 
It simulates the possible levels of variations 
around the assessed productivity rate, possible 
variations of work content, and possible variations 
of number of resourceSl and incorporates the 
combined effect of these variations on the 
estimated activity duration and cost. In the 
illustration used for example, for -30% inaccuracy 
in the productivity rate assessment, number of 
carpenters decreased by 37.5%, and quantity 
decreased by 10% the activity duration will 
increase by 105.71%. For the same variations in 
productivity rate and number of carpenters but the 
quantity increased by 10%, the activity duration 
will increase by 151.43%. 
12.6.3 Quantification of Inaccurate Productivity 
Assessments 
Rate 
The direct and total labour costs caused by 
inaccurate productivity rate assessments and the 
cost of any of the corrective solutions are also 
produced. In the illustration used for -30% 
inaccuracy in the assessed productivity rate the 
estimated labour direct cost will increase by 
42.86%. Taking into account the cost of on-costs, 
overheads "and other costs, e.g. penalties, the 
total increase of activity cost due to inaccurate 
productivity rate assessment will be 109.82%. 
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12.6.4 Other Uses of the Model 
Based on the expected or actual productivity rate, 
the expected or actual quantity of work and the 
available number of resources the model produces 
several alternative solutions to balance the effect 
of these variations in order to keep the following 
activities on schedule and, if necessary, bring the 
late activity back to its original schedule, the 
estimated cost of each solution may also be 
obtained. Again in the illustration used if the 
estimated productivity rate was inaccurate by -30% 
then this inaccuracy can be corrected by increasing 
the number of carpenters by 42.86%. If these 
additional carpenters are not available, the 
correction can be made by increasing the number of 
hours worked per day by 50%. 
12.6.5 The Usefulness of the Model 
This approach is useful in the estimating and pre-
tender planning stage as well as during the 
construction stage. In the first stage, estimators 
and planners will be able to quantify the 
consequences of the expected level of inaccuracy in 
their assessments for the three major variables. A 
knowledge of the additional number of resources 
required to balance any expected level of 
inaccuracy will help planners to produce more 
reasonable activity and operation durations, and 
estimators to produce- more-accurate - estimates. 
During the construction stage where productivity is 
measured, if it differs from what was estimated 
then several alternative solutions may be explored 
by changing the number of resources and the number 
of hours worked per day. This together with the 
cost of each alternative will help site managers to 
take more economical and quick decisions while the 
project is in progress. 
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12.6.6 The Limitation of the Model 
If feedback to the estimator on variability is 
required then the construction firm would need 
to have the ability of implementing a planning 
system and the skill of up-dating this system, 
which would be used by their staff. 
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12.7 EVALUATING THE INACCURACY OF TOTAL LABOUR COST ESTIMATES 
The conclusions presented here are based on the work 
described in chapter (10). 
12.7.1 The Variables Affecting Total Labour Costs 
To estimate the total labour cost of an item of 
work the total quantity of work is calculated, the 
all-in labour rate is estimated and the labour 
productivity rate is assessed. Dividing the 
quantity by the productivity rate the total labour-
hour requirement is obtained. Multiplying this by 
the estimated all-in labour rate the estimated 
total labour costs of this item is then obtained. 
This estimated total labour cost would hold if 
these three major variables, i.e., quantity, 
productivity rate and all-in rate, remain the same 
as estimated at the time of estimating. But in 
practice as the project progresses, the quantity of 
work may increase or decrease from what it was 
estimated, the estimated all-in labour rate and the 
assessed productivity rate will almost always 
deviate from what was predicted. 
The level of inaccuracy of the estimated total 
labour costs is dependent upon the estimator's 
level of accuracy in estimating three variables: 
quantity of work, productivity rate, and all-in 
labour rate. The level of accuracy in estimating 
each of these variables is dependent upon the 
estimator's level of accuracy in assessing the 
combined impact of numerous factors on each 
variable. Present estimating procedures do not 
perform any explicit analysis to: 
i) quantify the consequences of possible 
variations around the estimated quantity of 
work, the assessed labour productivity 
rate, or the estimated all-in labour rate, 
on the estimated total labour costs; 
ii) quantify the combined impact of all the 
three variables, i.e., quantity, labour 
productivity rate and all-in labour rate, 
on the estimated total labour costs. 
iii) evaluate 
inaccuracy 
costs. 
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the 
of 
level of the estimator's 
his estimated total labour 
12.7.2 Formulation of the Variables 
An inaccurate quantity estimate will always affect 
the estimated labour costs, but will only 
contribute to the level of inaccuracy of the 
estimated total labour costs if it is combined 
with: inaccurate productivity rate assessment; or 
inaccurate all-in labour rate estimate; or both. A 
distinction between the change and the inaccuracy 
of an estimated total labour costs must, therefore, 
be made. Two relations have been formulated: 
for a project (p) containing (n) items, the change 
of the estimated total labour costs, expresses as a 
percentage of the original estimated total labour 
costs; and the level of inaccuracy of the 
estimated total labour costs, expressed as a 
percentage of the modified estimated cost are: 
Ccpn = 
Cipn = 
where : 
n = 1 
.L (Ccn) (Cen) 
n 
n = 1 
Z Cen 
n 
n = 1 L (Cin) (C' en) 
n 
n = 1 
L C'en 
n 
• • (10) 
• • (11) 
Ccpn = the overall change in the estimated total 
labour costs for a project (p) containing 
(n) items of work, expressed as a 
percentage of the original total labour 
costs estimate 
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Ccn = the change in the estimated total labour 
costs for the item (n); expressed as a 
percentage of the original total labour 
costs estimate 
Cen = the estimated labour cost for the item (n) 
Cipn = the level of inaccuracy in the estimated 
total labour costs for a project (p) 
containing (n) items of work; expressed as 
a percentage of the modified estimated 
total labour costs of the project (p) 
Cin = the level of inaccuracy in the estimated 
labour cost for the item (n); expressed as 
a percentage of the modified labour cost 
for the item (n) 
C'en = the modified estimated labour cost for the 
item (i) 
n = total number of work items in a project (p) 
12.7.3 Modelling Total Labour Costs 
A computer model for "Total Labour Costs" has been 
constructed to evaluate the variability of the 
estimated total labour costs. The model is capable 
of being used to calculate total labour costs. It 
simulates the possible levels of variations around 
the assessed productivity rate, possible variations 
of work content, and the level of inaccuracy of the 
estimated all-in labour rate obtained from the 
"All-in Labour Rate Model" (chapter 4); and 
incorporates the combined effect of these 
variations on the estimated total labour costs. In 
the illustration used, for a range of variation of: 
-5% to +10%, -4% to +8%, -2.3% to +6.8% in the 
estimated quantity, productivity rate, and all-in 
labour rate respectively the range of maximum 
change in the estimated total labour costs is from 
-10.75% to +27.7%. These changes are expressed as a 
percentage of the original estimated total labour 
costs. 
The level of inaccuracy of the estimated labour 
costs is produced by modifying the original labour 
cost estimate to take account of the change of 
quantity, equation (11). For the same variations 
given above the level of inaccuracy of the 
estimated total labour costs is from -6.06% to 
+16.09% • 
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12.8 EVALUATING THE INACCURACY OF TOTAL PLANT COST ESTIMATES 
The approach explained in chapter (10) shows how to combine 
the variabilities arising from the estimates of the three 
variables involved in the calculation of total labour 
costs, i.e., all-in labour rate, labour productivity rate, 
and quantity of work to evaluate the variability in the 
estimated total labour costs. By using the same approach 
the levels of variabilities in the estimates of all-in 
plant rate and plant productivity rate can be combined to 
evaluate the variability in the estimate of total plant 
costs. 
12.9 EVALUATING THE OVERALL INACCURACY OF A COST ESTIMATE 
The conclusions presented here are based on the work 
described in chapter (10). 
The overall inaccuracy of a cost estimate is attributed to 
five inaccuracies arising from the total estimated costs 
of: labour ,plant, materials, sub-contractors, and site 
overheads. These inaccuracies have been evaluated in 
chapters 4,5,6,8,9 and 10. The proportions of the 
estimated costs of: labour, plant, materials, sub-
contractors, and site overheads, in relation to the total 
cost estimate, is known to the contractor before submitting 
his tender. By combining the cost proportion of each 
element with the evaluated range of inaccuracy in the 
estimate of this element the range of inaccuracy in the 
total cost estimate caused by the estimating inaccuracy of 
this element is obtained. For example, if the proportion 
of the estimated labour cost is 15% of the total estimated 
cost1 and the range of inaccuracy of the estimated labour 
cost is from -6.06% to +16.09%1 then the range of 
inaccuracy in the total estimated costs is from -0.91% to 
+2.4135% • 
Having obtained the range of inaccuracies in the estimated 
costs of: labour1 plant1 materials1 sub-contractors1 and 
site overheads1 and the proportions of each of their 
estimated cost in relation to the total estimated cost1 
the overall inaccuracy of the total estimated cost can be 
evaluated. For example, if the proportions of the estimated 
cost of: labour1 plant1 materials1 sub-contractors and site 
overheads as a percentage of the total cost estimate are: 
15%1 15%1 40%1 25%, and 5% respectively, and the range of 
inaccuracy of these estimates in the same order (as 
evaluated in chapters 4,5,6,8,9 and 10) are: (-6.06% to + 
16.09%)1 (-6.06% to + 16.09%)1 (-9.18% to 9.83%)1 (+5%)1 
and ( -5.325% to +11.753%) respectively, then the overall 
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inaccuracy of the cost estimate is from - 5.758 % 
10.S97 % • 
to + 
12.10 QUANTIFYING THE CONSEQUENCES OF ESTIMATING INACCURACY, 
MARK-UP VARIABILITY AND TENDER VARIABILITY 
The conclusions described here are based on the work 
described in chapter (11). 
12.10.1 Estimating Inaccuracy and Break-Even Mark Up Theory 
The current method of predicting the consequences 
of estimating inaccuracy, i.e., the average margin 
lost in competition is based on the "Break Even 
Mark-Up" theory. This theory relates the Average 
Margin Lost in Competition "A.M.L.C." to two 
factors: 
i) estimating inaccuracy; and 
ii) number of competitors. 
It ignores the effect of 
Neither this theory nor any 
explains a method in which 
can be evaluated. 
mark-up variability. 
other published work 
estimating inaccuracy 
12.10.2 Mark-Up Variability 
situations. 
different 
and other 
mark-up variability exists in bidding 
This variation arises from the 
assessments of risks, overheads, profit 
factors. The method of adding these 
amounts may cause more variations. 
situation in which mark-up variability 
occur is when: 
assessed 
The only 
will not 
a) All competitors have exactly the same level 
of estimating inaccuracy, i.e., all compe-
titors estimate exactly the same cost; and 
b) All competitors add exactly the same amount 
to their cost estimates for their mark-ups. 
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12.10.3 Modified "Break-Even Mark-Up· theory 
Tender variability can be attributed to estimating 
inaccuracy and mark-up variability. In practice 
both occur, thus the effect of both must be studied 
together. In the competitive tendering process the 
winning tender is usually the lowest. Thus the 
winning tender based on a cost estimate which is 
less than the likely cost and a mark-up which is 
less than the average applied mark-up usually 
results in the mark-up achieved on the contract 
being less than the mark-up included in the tender. 
Over a large number of contracts the average 
difference between mark-ups included in tenders and 
achieved mark-ups is the margin lost in 
competition. If a competitor wishes to break-even 
in the long term he would have to apply a mark-up 
greater or lower than zero to compensate for 
differences between the likely cost and estimated 
costs and between the average applied.mark-up and 
the ~pplied mark-ups in his winning tender. This 
mark-up needed to break even is called the "Break 
Even Mark-Up" or the "Margin Lost in Competition" 
and is a function of: 
i) the general level of estimating inaccuracy; 
ii) the general level of mark-up variability; 
iii) the average applied mark-up; and 
iv) the number of competitors. 
12.10.4 All-Inclusive Formulae 
Formulae are derived to calculate: the ratio 
between expected value of winning bid and likely 
cost; the expected value of winning bid; the 
average margin lost in competition "A.M.L.C."; and 
the average achieved mark-up "A.A.M.O." : 
E (L) = (Y) C 
• • • (15) 
2A+2P(A+B) 
Y = (I-A) (l+P-BP) + ---------- • • (16) 
n+l 
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A.M.L.C. = (ll+P)- (Y)] C • (17) 
A.A.M.U. = (Y-l) C • • • • (18) 
Where: 
E(L) is the expected value of the winning bid 
Y represents the ratio between expected 
value of winning bid and likely cost 
A.M.L.C. is the Average Margin Lost in Competition 
A.A.M.U. is the Average Achieved Mark-up 
C 
A 
P 
B 
n 
represents the likely cost 
represents the average general level of 
estimating inaccuracy among all 
competitors and expressed as a fraction of 
the likely cost (C) 
represents the average applied mark-up 
among all competitors 
represents the average level of mark-up 
variability round (P) and expressed as a 
fraction of (P) 
represents the number of competitors. 
12.10.5 Special Cases 
Special cases can be derived from the above 
formulae. The contribution of either the 
estimating inaccuracy or mark-up variability to the 
total margin lost in competition can be derived 
from the formulae (16) and (17) above. By 
substituting B=O.O and A=O.O respectively we get 
the contribution of mark-up variability and 
estimating inaccuracy to the total margin lost in 
compe ti tion. 
A.M.L.e. = 
A=O.O 
~~:J C 
n+l 
• (19 ) 
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A.M.L.C. = 
B=O.O 
+ ~~~:~:~}]c 
n+l 
(20) 
Another special case is where: n = 1 i.e., number 
of "competitors" = 1. In this theoritical case, if 
the only "competitor" wishes to break even in the 
long term, he does not need to apply a mark-up 
greater than zero. In some cases he needs to 
subtract a percentage from his tender. These are 
other modifications in the graphs given in fig. 
(88) which are based on the traditional "Break-Even 
Mark-Up" theory. 
12.10.6 Modified Graphs 
New graphs,figs. 93 to 99, based on the modified 
"Break-Even Mark-Up" theory and the all inclusive 
formulae, are given to illustrate and quantify the 
consequences of estimating inaccuracy, mark-up 
variability and tender variability. 
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12.11 ENVISAGED APPLICATIONS AND FUTURE WORK 
The use of the estimating inaccuracy computer models 
created in this thesis in conjunction with the existing 
systems of estimating data bases to produce cost 
estimates together with their levels of inaccuracy for: 
each constituent element of the cost estimate; groups 
of constituent elements and the total cost estimate. 
Further work may be carried out by collecting data to 
test the bidding model. 
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APPENDICES 
APPENDIX (A) 
METHODS OF BUDGET ESTIMATING 
This Appendix contains examples of methods of Budget Estimating. 
(i) UNIT METHOD 
The Unit Method assumes the cost of a project is related to 
the number of functional units that it accommodates (eg pupils/school, 
beds for hospital etc). The cost of similar projects are used to 
estimate the cost of the project under consideration, 
ego The cost of a multi-~torey car park for 600 cars was £2,700,000. 
Cost per car £2,700,000/600 £4,500. 
Cost of car park to accommodate 500 cars = 500 x 4500 = £2,250,000. 
This method may be extended to incorporate time where estimates are 
necessary for industrial production projects. (ie. An estimate for a 
brewery may be based on the cost per number of barrels of beer produced 
per year). 
(ii) SPACE METHOD 
The space method estimates the cost of a building on the basis 
3 ~ 
of the volume, (cost per m ) or surface area, (cost/m). Knowing the 
basic dimensions of the structure an estimate may quickly be made of 
the total cost. Some form of common standard of measurement is 
necessary in order that the rate obtained for one design may be 
compared,with another. (eg. pitch~d roof design compared with fl~t 
roof design). The traditional method of calculation was the 'cubic' 
method until it was proved that the cost of a building is more closely 
related to the floor area than its cubic capacity. 
An extension of the space method is the storey enclosure 
method that attempts to compensate for the height and shape of a 
structure. The areas of the floors of the building are 'weighted' by 
different percentages and the figures totalled to give the number of 
storey enclosure units. 
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( i i i) ELEMENT METHOD 
Under the elemental method of estimating the structure is 
broken down into a number of major elements which can be 
measured from sketch drawings and priced separately, The elemental 
costs are then added to give the total estimate for the project, 
eg, Element External Wall, 
Area on proposad project 2500 2 m 
Cost per square metre 'of external wall (or elemental 
unit rate) from records = £45, 
Cost of wall for proposed project = 2500 x 45 = £112,500, 
The Standard Form of Cost Analysis (226) .. as produced by the 
RICS to provide suitable elemental breakdowns of structures, This 
analyses structres under the following headings: 
Sub-structure 
Superstructure 
Internal Finishes 
Fittings and Furnishings 
Services 
External Works 
each with a hierarchical sub-division of elements, 
(Iv) APPROXIMATE QUANTITIES METHOD 
The Abbreviated Quanti ties Method involves the preliminary 
measurement of the work contained within the contract to establish the 
principle quantities. 
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The cost of the project is then calculated based upon recorded costs 
for that particular class of construction work, 
Total concrete work 700 3 eg, 
" 
m 
3 Uni t cost/m 
" 
£32,64 
Total cost of concrete 
" 
£24,806 
work 
The total cost of the project is then calculated by summation of the 
cost of each of the principie quantities, 
All of the above methods rely upon the keeping of historical 
cost data which has to be amended to allow for inflation, market 
conditions and individual project anomalies, 
• 
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APPENDIX (B) 
CALCULATION OF "ALL'-I;\" LABOUR RATE 
This example calculates the annual cost and the "all-in" 
rate for a tradesman. The estimator must determine: 
1) The site working hours 
2) The time not worked during the year 
3). The actual hours worked in the year 
4) The non-productive overtime 
5) The annual cost of labour. 
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I) The Site i'lorking Hours 
The actual hours worked per week will vary 
from company to cocpany and sometimes from 
contract to contract in the same company. 
The site working hours is determined by the 
estimator on the basis of:-
The company's normal practice 
The site location 
The local normal practice in the one 
in which the contract will be carried 
out if it is an overseas contract 
The project progracme 
In our example it is assumed that the estimator 
after studying the above factors decided that:-
The site \'lorks a summer and winter oeriod 
Summer = 30 weel,s and winter = 22 weel,s 
\'Jorking week = 5 days 
\lorldn!:l da~ Summer 8.0 am to 5.30 pm 
-
!ahr for lunch = 9 hrs 
\~inter 8.0 am to 4.30 pm 
l:.hr for lunch = 8 hrs 
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l']orldng HoursbJeek 
Summer = 9 hours x 5 days = 45 hr/week 
\'Jinter = 8 hours x 5 days = 40 hr/week 
2) Time not Worked During the Year 
These are for holidays, sick leave and 
inclement weather. 
Holidays 
These are for both annual holidays and 
public holidays and could be calculated 
from items 8 and 9 mentioned previously, 
as fo110;'1s:-
';Jinter 
11inter holiday 
Public holidays 
Christmas 
Boxing day 
New year 
Total in ~~inter 
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7 working days 
1 
1 
1 
10 
11 
11 
11 
11 
11 
11 
11 
11 
Summer 
Summer holiday 10 working days 
Easter holiday 4 11 11 
Public holidays 
Easter Honday 1 11 11 
Bank holiday 4 11 11 
Total in Summer 19 11 11 
Total holidays during the year = 10 + 19 
= 29 working days 
= 29 working days 
5 days/weel< 
= 5 t'lee!<s and 4 days 
3) The Actual Hours '~or!<ed Per Year 
The actual hours wor!<ed per year is equal to:-
The total hours worked in the year 
minus total holidays during the year 
minus hours lost due to sickness 
minus hours lost due to inclement weather 
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Thus the calculations ,';ould 
Sur.mer Period 
30 weeks x 45 hr/w 
less 19 days holidays 
x: 9 hr/d 
Total hours worked in 
summer 
\'iinter Period 
22 weeks x 40 hr/w 
less 10 days holidays 
x 8 hr/d 
TOTAL HOURS ;:iORI<ED FOR A 
ONE YEAR PERIOD 
Hours Lost 
Sickness (Assumption) 
1 week in summer x 45 hr 
2 weeks in winter x 40 hr 
Total hours lost through 
sickness 
cif 
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= 
= 
= 
= 
= 
= 
be:-
~ I:J.Qm: l:kuu: 
1,350 
171 
1,179 
880 
80 
800 
1,979 
45 
80 
125 
125 1,979 
b/f 
Hour Hour ~ 
125 . 1979 
Inclement o·Jeather (Assumption) 
• 
• • ACTUAL HOURS WORKED IN 
60 
185 
A ONE YEAR PERIOD 1,794 
4) The Non-Productive Overtime 
The costs relating to non-p;oductive overtime 
depends on the number of hours worked per 
each day of the week. Drawing on the 
estimator's knowledge of the assumed site 
working hours and holidays during the year 
and the rules of overtime payments (:~.R.A. 
rule VII), he can now summarise the data 
available to him as shown in tables (1) and 
(2) which indicate the non-productive time 
per week in summer and winter periods. 
From Table(VII)non-productive OfT in summer = 3h/w 
From Table (VIII)"· " " in winter = O.5h/w 
Note that the figures relating to non-productive 
overtime are those confirmed to the overtime 
which is worl<ed as normal practice. The cost 
of any additional overtime must be dealt with 
separately. 
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TABLE (VII) The Calculation of Non-Pror:1uction Ove-rtine Per '.oJeek (Sunmer) 
Day fl T \~ Th F Sa Su Total 
Hours worked 9 9 9 9 9 
- -
45 
Hours to be paid 8 8 8 8 7 
- -
39 
at flat t.ime rates 
Hours to be paid at 
time and a half 1 1 1 1 2 
- -
6 
Hours to be paid 
at double time 
- - - - - - - -
Total non-
productive time .• 5 .5 .5 .5 1.0 
- -
3 
TABLE (VIII) The Calculation of Non-Productive Overtime Per I'leek (Winter) 
Day }1 T I~ Th I F Sa Su Total 
Hours \\lorked 8 8 8 8 8 
- -
40 
Hours to be paid at 
flat time rates 8 8 8 8 7 
- -
39 
Hours to be paid 
at time and a half 
- - - -
1 
- -
1 
Hours to be paid 
at double time 
- - - - - - - -
Total non- I 
productive time 
- - - -
0.5 
- -
O.S 
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• 
" 
The Calculation of Non-Productive Overtime 
Summer Period Hours 
Total non-productive oft = 30 weeks x 
3 hr/wk 90 
Deduct hours lost due to:-
Sickness = 1 week x 3 hr/wk = 3 
Holidays 
Summer holiday = 10 days 
5 days/wk x 3 hr = 6 
Spring = 4 days 
4 days/wk x 3 hr = 2.4 
4 days Public holidays = 
5 days/wk x 3 hr = 3.0 
Total hours lost in summer 
l':on-productive oft in summer = 
l'linter Period 
Total non-productive oft = 22 wks 
x 0.5 h/wk = 11.0 
cif 
It 
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11.0 
14.4 
75.6 
75.6 
5) 
b/f 11.0 
Deduct hours lost due to:-
Sickness = 2 weel<s x 0.5 hr = 1.0 
Holidays 
\'iinter 7 da:is 
5 day/w x 0.5 = 0.7 
Public holidays 3 da:is 
5 day/w x 0.5 = 0.3 
Total hours lost in winter 2.0 
Hour 
75.6 
Non-productive oft in winter 9.0 
Total non-productive oft for the year 84.6 
The Annual Cost of Labour 
A. BASIC TOTAL 
Basic/vr = basic rate x no. of 
actual hours worl<ed = 
£2.37/hr x 1,794 hr = 4,251.78 
Inclement weather 
= basic rate x 60 hr (assumption) 
= £2.37/hr x 60 hr = 142.20 
BASIC TOTAL = 4,393.98 
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B. PAID TOTAL 
blf 
Guaranteed ~linirnur.l Bonus:-
£12.87 per 39 hr 17k for 47 wks 
Non-?roductive Overtime:-
= basic rate x no. of non-
productive oft hrs/year 
= £2.37/hr x 85 hr 
Public Holidays:-
= basic rate x 8 days x 8 hrs 
= £2.37/hr x 8 days x 8 hrs 
Sicl( Pay 
= £7.0 per day for 9 days 
Plus Rate 
= 2% on basic total 
= 0.02 x 4,393.98 
PAID TOTAL 
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= 
= 
= 
= 
£ 
4,393.98 
604.89 
200.97 
151.68 
63.00 
= 87.88 
= 5,502.40 
C. PAID TOTAL + ALLO:·:ANCES 
blf 
National Insurance 12.2~ of 
paid total 
C.I.T.B. Levy taken as 2% 
of paid total 
l\nnual holidays and death 
benefit £10.15 x 47 wks 
Small tool allowance 2. 5~' 
of the paid total 
Paid Total + Allowances 
blf 
Allowances for redundancy and 
sundry costs 1.5;: of the paid 
total and allowances 
Insurance 
2;; of the paid total and 
allowances 
Total .~nual Cost 
T. Annual cost per hour 
= 7,144.51 
1,794 = £3.98/hr 
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5,502.40 
= 671.29 
= 110.06 
= 477 .05 
= 137.57 
= 6,893.36 
6,898.36 
= 103.475 
= 137.97 
7,139.80 
F. ALI .. (r,,'.',NCS FOR SUPSRVISION 
This will vary according to the estimator's 
assumption, as mentioned in the sources 
of estimator's data, and should be 
calculated for each trade. In this 
example it is assumed the 'all-in' rate 
is for a steelfixer and the estimator 
assumed that one foreman will supervise 
four steelfixers:-
Steelfixing Gang 
1 Foreman 3.98 + 5;~ = £4.l8/hr 
4 Steel.f:i::xers 3.98 x 4 = £15. 2/hr 
£20.1O/hr 
There.fore "all-in" rate 
= 20.10 
4.5 = £4.466/hr 
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APPENDIX (C) 
CALCULATION OF "ALL-IN" PLANT RATE 
'ALL-IN' PLANT RATE 
The estimator is required to determine the 'all-in 
plant rate of each major plant item as an hourly 
or weekly rate. The elements of plant costs 
included in this 'all-in' rate will depend on the 
method of acquisition. 
Where the plant item is owned by the contractor 
the rate used by the estimator must cover all 
the elements of plant costs mentioned previously 
in this chapter ie. ownership costs and operating 
costs and variable costs. For hired plant the 
basic cost is the rate quoted by the plant company 
to which the estimator must add the cost of all 
additional running costs and variable costs not 
covered by the hirer'S quotation. These include:-
• Fuel and oil, grease and other consumables 
• Plant labour costs 
Most hired plant is provided with an operator but 
the estimator may have to allow for additional 
monies to bring the operator's rate up to that 
covered by any site agreement. Where no operator 
is provided, the full 'all-in' operator rate must 
be added. 
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Methods of Calculation 
There are several methods of calculating 
the 'all-in' plant rate. The most 
favoured is the simple calculation to 
allow for ownership and operating costs 
and it seems that these simple methods 
are used by many estimators as well as 
plant-hire firms to calculate their rates. 
However, a more satisfactory method is 
the Discounted Cash Flow Yield (D.C.F.) 
which takes into account the timing of 
cash flows, and automatically accounts 
for the depreciation over the life of 
the asset. 
To explain the different methods of 
calculating the hourly cost of a plant 
consider this example:-
For a bill item for excavation per m3 , 
the estimator decided to use a D6 tractor 
and scraper of 4.5m3 capacity which belongs 
to the contractor. This type of plant 
consists of two units; the tractor and the 
scraper. 
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The Very Simple ~ethod 
The steps of calculation are as follows:-
a) Allowances are made for:-
Deoreciation using straight line method 
over a number of years, so a percentage 
of the initial cost could be obtained 
as a charge per year. 
Rate of Return Required including 5% for 
road taxes, licences and insurance. This 
rate is charged as a simple interest rate 
on the initial cost. 
~Iaintenance and Repairs a percentage 
allowance of the initial cost. These 
three percentages are added together 
and the cost of three of them is 
obtained at once. 
b) Calculation of Time Worked by Machine 
The machine will not work every day 
throughout the year and it is therefore 
necessa.ry to calculate the actual 
number of possible working days. 
Days not worked 
\lJeekends.. _ •••••••••••••••••••• 104 
Annual holidays •••••••••••••••• 15 
Public holidays (approx) • • • • • •• 7 
CiF 12'6 
Other Lost Time sir 126 
i) Time will also be lost in 
transporting equipment from 
site to site and in idle 
time while waiting to be 
transported. This may 
account for a further 25 -
35 days of non-productive 
time. 
ii) Time is also lost due to 
overhauls and repairs. 
The amount of time wasted 
is influenced by the type 
and use of the machine and 
may account for another 10 
to 20 days of non-
productive time. 
TOTAL NON PRODUCTIVE DAYS 
TOTAL PRODUCTIVE DAYS = 
365 - 171 = 
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30 
15 
171 days 
194 days 
It must also be considered that 
during the normal working day there 
are delays and stoppages and 
that it is impracticable to work 
continuously throughout the whole 
day. So, ir we allow 10% ror 
that during an eight hour day 
the worked hours per year may be 
estimated as rollows:-
194 days/year x 90% x 8 hrs/day 
= 1,396 hrs/year 
say 1,400 hrs/year. 
c) Cost Per Hour 
Cost per hour including the three 
elements mentioned (depreciation, 
rate or return and maintenance and 
repairs)=-
= Annual costs 
No. or worked hours per year 
To this are added the hourly cost 
or consumables and the hourly 
labour cost. Thus, the total cost 
per hour is obtained. 
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Variable costs and costs of 
transport and site temporary works 
are calculated and charged to 
~he preliminaries section in the 
Bill of Quantities. 
Example Using the Very Simple ~lethod 
To calculate the hourly rate for an 
owned machine, the following 
information is required:-
Initial cost ••..•.•.•.....•...•••• £75,000 
Average working hours per year 
150 days x 8 hrs ••••••••••••••••• 1,200 hrs 
Useful years of life of machine .•• 5 years 
Required rate of return on 
capital + insurance + road tax 
= 10% of initial cost 
Repairs and maintenance = 25% of initial 
cost 
Fuel at 20 litres per hour at £0.3 
per litre 
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Oil and grease 20% of fuel cost 
Transport charges (one way) say £200 
Temporary site work say £100 
Overheads are not included for 
simplicity but are usually expressed 
as a percentage allowance on the 
hourly rate or, alternatively as a 
lump sum in the preliminaries sections. 
Hence, for the tractor and scraper, 
using the above method and data, the 
hourly cost is £53.75/hr and £300 should 
be added to the preliminaries section. 
t 
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The Conventional Method 
The very simple method we used has the 
advantages of being simple, fast and the 
steps of calculation are very clean and 
systematic. However disadvantages of this 
method are that it ignores the resale 
value of the plant and the interest on 
capital is calculated on a simple basis. 
Moreover, it combines the interest on 
capital, road tax and insurance premiums 
in one single percentage allowance. Further, 
a more satisfactory method to calculate 
the number of hours worked per year may be 
calculated using a similar analysis to that 
used in the calculations of the average 
number of hours worked per year for labour. 
(See chapter on labour cost)., To overcome 
these disadvantages the calculations will 
differ slightly. The following example 
shows how this may be built up. 
To calculate the hourly cost'for the same 
plant mentioned in the previous example 
using this method the following additional 
information is required:-
300 
Resale value £5,230 
Insurance premium per year £ 200 
Licences and road tax per year £ 150 
In the previous method the rate of return 
and the insurance premium and road tax 
were taken as 10% of initial cost. So, 
in this example the required rate of 
return is taken as 9.5% of initial cost. 
Rate of return (only) = 
75,000 x 10% - Insurance - Tax 
75,000 
= 75,000 x 10~ - 200 - 150 = 9.53~ 
75,000 = 9.53,. 
COST ITEM 
Ownership Costs PER ANNUlI-I 
1) Depreciation (straight line 
over 5 years) 
{75,OOO - 5,230/5 
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13,954 
2) Interest on finance, 
calculated using a capital 
recovery factor from interest 
tables (C.R.F. = 0.26043 at 
9.5% per annum for 5 years) 
where £75,000 equals the 
initi"al cost of the crane. 
= (75,000 x 0.26043 x 5 
- 75,000)/5 
3) Road tax and licences 
4) Insurance premium 
Ownership Annual Cost 
B. Running Costs 
Consumables 
Fuel cost calculated on a 
consumption ra~e of 20 litres 
per hour for 1,200 hr/year 
at £0.30 per litre 
£ PiA 
4,532 
150 
200 
18,836 
20 x 0.3 x 1,200 7,200 
oil and grease 20% of the fuel cost 1,440 
Repairs 25% of unitial cost 75,000 18,750 
Operating cost (excluding labour) 27,390 
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Annual ownership + running £P/HR £P/HR 
costs (excluding labour) 46,226 
P/hr = 46 1226 
150 days x 8 hrs 38.52 
Labour Operating and 
Attendina 
As method 1) 12.20 
Total Ownership and 
Running Costs £/hr 50.72 
Variable Costs 
As method 1) 
For owned plant = £300 
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The Discounted Cash Flow Method 
The calculations in the conventional method 
(method 2) was simply to allow for 
ownership and operating costs with a 
contribution for profit., However, a more 
satisfactory method for investments 
extending over a few years is the Discounted 
Cash Flow Yield (D.C.F), which takes into 
account the timing of cash flows, whereby 
income and outgoings are balanced to yield 
a satisfactory return. The calculations 
for the same example is thus restructured 
as shown in table ( DC'). 
It can be seen from the calculations that 
the discounted cash flow method automatically 
accounts for the de?reciation over the life 
of the plant. Although D.e.F. method is a 
more satisfactory method than the conventional 
methods, still the forecasting of the future 
net cash flows is very rigid and gives one 
assumptions. 
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TABLE (IX) Discounted Cash Flow Analysis of a Plant 
Hire Rate 
Year Capi tal I Resale Runnin9 I Owner- Cash Cash Net 
Cost Value Costs Ship Out In Cash 
£ £ Excludin9 Co!tts £ £ Flow 
Labour Excl. £ 
£/Annum Depr, 
& 
Intr. 
0 -75,000 0 0 -350 -75,350 0 -75,350 
1 0 I 0 -27,390 -350 27,740 x x -
I 
I 
27,740 
2 0 I 0 -27,390 -350 27,740 x x -I 27,740 
I 
3 0 0 -27,390 -350 27,740 x x -
27,740 
4 0 0 -27,390 -350 -27,740 x x -
27,740 
I 
I 
-27,390 0.0 -22,510 5 0 I +5,230 x x -
, 22,510 
: 
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To return 9.5% on the investment over 5 
years the total cash flows reduced to nett 
present worth at time zero must equate to:-
0=-75,350 + (x - 27,740) (3.2044) 
+(x - 22,510) (0.6352) 
= -75,350 + 3.204 x - 88,879 + 0.63S2x 
- 14,298.4 
3.839 x = 178,527 
x = 46,503 
ie. Annual ownership and running costs including 
1 abour = 46! 503 
150 days x 8 hours 
= £46,503 -
1,200 hours 
Total hourly cost (excluding labour and 
variable costs) = £38.75/hour 
Labour operating and attending 
As before £12.20/hr 
Total ownership and running costs = £50.9S/hr 
Variable Costs 
As before 
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1) 3.2044 is the net present worth factor 
of 1 per period for 4 years at 9.5% 
interest rate. 
2) 0.6352 is the net present worth factor 
of 1 at year 5 for a 9.5~ interest 
rate. 
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APPENDIX (D) 
EXAMPLE OF UNIT RATE ESTIMATING 
~ EXAMpLE OF UNIT RATE ESTIMATING 
In unit rate estimating the calculation of a labour, plant 
or material rate is based upon a predetermined out'put or usage rate 
and the quantity of work stated against the bill item, An example is 
si ven below: 
ITEM 
A 
DESCRIPTION OF WORK 
Supply and Fix High 
Yield Rebar to B.S 4447 
- 20mm dia. 
UNIT RATE 
TNNE 6.35 
The estimator decides to employ the following resources: 
AltIOUNT 
20mm Diameter High Yield Rebar - Cut, Bent and Delivered. 
Steel fixer 
22 R B Crane (for off-loading the steel) 
The output or usage rates are taken from company or personal data and 
amended to reflect the specific contract conditions. 
20mm Diameter High Yield Rebar 1.10 TNNE/TNNE 
Steel fixer 18.50 HR/TNNE 
22 R B Crane 0.20 HR/TNNE 
A quotation is received for the supply of the'steel and the all-in 
rate calculated for the steel fixer and 22 R B Crane. 
These prices are as follows: 
20mm Diameter High Yield Rebar 247.00 £/TNNE 
Steel fixer 5,75 £/HR 
22 R B Crane 15.46 £/HR 
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The rate for each resource, is then calculated. 
Resource rate c usage rate x cost. 
The Total rate for each cost code (Labour, Plant, "Materials) calculated. 
The rates added to give the total item rate and the bill ite~ amount 
calculated by multiplying by the quantity, 
ie. 
Rate for 20mm Dia. High Yield Rebar = 1.10 x 247 c 271.70 £/TNNE 
Rate for Steel fixer 
Rate for 22 R B Crane 
= 18.5 x 5.75 = 106.37 £/TNNE 
• 0.2 x 15.46 & 3.09 £/TNNE 
TOTAL ITEM RATE 
TOTAL ITEM COST 
c 381.16 
.. 2420.38 
The calculation as explained above is carried out on the estimator's 
work sheets and then the rates transferred to the bill of quantities. 
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APPE;NDIX (E) 
EXAMPLE OF OPERATIONAL ESTIMATING 
AN EXAMPLE OF OPERATIONAL ESTIMATING 
Operational ~stimating 1s the calculation of a rate for 
labour and plant groups based up~n the total quantity of work involved 
and the total period that resources will be required on site, This 1s 
illustrated in the example below: 
An estimator is pricing the plant required to place 
concrete on a particular contract, From the bill he knows that the 
total amount of concrete is BODO m3, He decides that concrete may 
be poured at an average rate of around 210 m3/week giving a total 
number of weeks for concreting at 38, The maximum pour to the base 
3 
slab is some 160 m, Concrete will be delivered by 'Ready Mix', 
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He decides that the plant he will need for the placing 
of the concrete will be: 
_ 2 No, 22 R B cranes I 
- 4 No, Concrete Skips; 
- 6 No, Dumpers; 
- 6 No, Vibrators. 
The plant will be hired from the company plant yard at a weekly rate, 
held on site for the full 38 weeks, and used solely for the purpose of 
placing concrete, The total cost for the operation is therefore: 
Item ~. Weekly No, Cost 
rate weeks £ 
22 R B crane 2 x 220,0 x 38 .. 16720,00 
Concrete Skip 4 x 10,0 x 38 
" 
1520,00 
Dumper 6 x 25,0 x 38 = 5700,00 
Vibrators 6 x 10,0 x 38 = 2280,00 
TOTAL COST = £26220,00 
COST PER M3 = £3,28 
This rate can then be applied to each bill item involving the placing 
of concrete on a pro rata basis related to the quantity involved, 
For example, if the estimator now wished to price this bill item: 
ITEM 
1 
DESCRIPTION OF WORK UNIT QTY RATE TOTAL 
F722,l Place concrete to bases M3 56,0 3,28 183,68 
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The calculations for Operational Estimating involve estimates 
of the total quantity of work resource prices and time. Resource 
prices are obtained from all-in rates based on a weekly period or 
calculated from an hourly rate assuming an average working week for 
the period on site. 
The period on site is calculated from an assumed output rate and 
checked against the contract programme. The total quantity of work is 
obtained by abstraction from the Bill of Quantities in Stage 1 of the 
estimating and tendering process. 
The rate calculated is applied to all the bill items that 
constitute the total quantity of work. The estimator may price a bill 
item by a combination of Unit Rate and Operational estimating. 
Consider the following btl1 item: 
£ £ 
ITEM DESCRIPTION OF WORK UNIT QTY RATE AMOUNT 
.' 
B Mix and place concrete M3 56.0 50.27 2815.12 
class 27.5/20 to bases 
The placing of the concrete to the bases may be calculated on an 
Operational estimating basis (say as in the previous example giving a 
rate of 3 •. 28 £/M3). The provision of concrete would be calculated on 
a unit rate basis. Suppose the concrete is to be supplied by 'Ready 
Mix' at £42;75/M3. The estimator allows 10% wastage so the rate for 
material = 42.75 x 1.1 = 47.02 £1M3. This gives a total rate for the 
item of £50,27/M3 and a total item amount of £2815.12, 
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APPENDIX (F) 
CALCULATION OF SITE OVERH~~S 
CALCUlATION OF SITE OYERHE.A.DS 
The calculation of the sum of money required to cover site 
overheads is based upon detailed check lists containing references to 
all the items of materials, plant and services necessary to operate a 
construction project. Details of these check lists are contained in 
ref. (11) and (12). 
A typical set of calculations with respect to site management 
and supervision requirements is shown in Table (X). 
Reference is made by the estimator to the site plan co~tract 
pro&ramme and the direct cost estimate to ascertain: 
• 
the nature of the site (dispersed or compact); 
the number of operatives to be controlled; 
the number of sub-contractors to be co-ordinated. 
A formal organization structure should be prepared for the contract 
and a bar chart of staff requirements prepared to ensure continuity of 
supervision over the duration of the contract (126 )oAll technical 
staff, foreman and clerical staff necessary for the running of the 
site should be included. 
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.- -- -,-- -- .-- --~~C-o-s~t ._. -----
\'it:n:s r 
from To No 
_ ___ ___ o __ -=+=~ __ --{ 
Project l~ .. nager 1 1 38 38 400 1 ~ :iOO 
Agent 1 1 38 38 350 13 »:> 
Sub Acent 2 1 38 38 350 26 000 
Sent or Engi neer 1 1 38 38 350 13 300 
Section Eneineer 2 1 38 38 300 22 800 
Setting out Engineer 2 1 38 38 250 19000 
Juntor Engineer 2 38 33 250 16 500 
Senior lleasurelllent £ngineer 1 1 38 38 350 13 300 
lleas urement Eng! neer 1 ~ 38 33 300 9 900 
Junior lleisurement Engineer 1 38 33 250 8250 
Quanti ty Surveyor 
Assistant.Quantity Surve~or 2 38 33 300 19 800 
Production Controller 
SenJ or Laboratory tngi neer 
Laboratory En,ineer 
Laboratory Technicians 
1'orks }lanaeer 
Ceneral Foreman 1 1 38 33 400 13 :iOO 
Section Foreman 2 1 38 33 350 22 100 
Foreman - Carpenter 1 38 33 350 11 ~5O 
Foreman - Sca/folder 1 5 38 33 350 11 ~5O 
Foreman - Steeltlxer 1 5 38 33 350 11 ~5O 
Foreman - Bricklayer 1 5 38 33 350 11 ~5O 
Carried to 
Summary A £200450 
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ADJUSTMENTS TO THE TENDER TO ALLCN/ FOR INFLATION 
AND 'RATE LOADING' 
In 1971, the Steering Group on Price Adjustment Formulae 
published a report (223) recommending a formula based on the use of 
monthly indices as a means of adjusting contract values for changes in 
the cost of the labour, plant and materials required in the construction 
of civil engIneering projects, The formula was based on monthly price 
indices reflecting changing costs in the following elements of construction 
work within civil engineering contracts, 
i) 
11) 
11i) 
iv) 
v) 
vi) 
vii) 
viii) 
ix) 
x) 
xi) 
Labour! 
Plant) 
Aggregate) 
Cement) 
Bricks) 
Cast Iron, 
Coated Roadstone; 
Fuel; 
Imported SoftwQodi 
Reinforcement; 
Structural Steelwork. 
The Department of the Environment became responsible for 
collating and publishing monthly figures for indices in the above 
categories, The fifth edition of the I,C,E, Conditions of Contract (224) 
published in June 1973 adopted this method of indices as a replacement 
to the clause relating to the variation of price (labour and materials) 
within the Fourth Edition of the I,C,E, Conditions of Contract (225). 
The use of the formula has been accepted by the civil engineering 
industry (226). 
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The application of the civil engineering price adjustment 
formulae to contracts changed the approach of Contractors who had 
previously concentrated on reducing thei"r capital lock up by 
attempting to gain payment for all works at the earliest possible 
opportunity, If the rate of inflation was higher than the cost of 
capital then by improving their contract cash flow Contractors were 
depriving their companies of adequate compensation as calculated by the 
Baxter formula for increa"ed costs (219). 
The following factors identi fied by Kerr(217) anti ~lcKay (219) 
need to be considered if the Contractor is to fully appreciate the 
contract cash flow: 
gross profit mar~ni 
cash out delay; 
cash in delay, 
retention monies; 
contract durationsi 
over or under measurement j 
the shape of the cost curve; 
the delay in payment for variations; 
borrowing costs; 
investment returnj 
contract value breakdown as indicated in the 
contract documents, 
Having considered the above factors the Contractor may 
minimise his capital lock up by increasing specific item rates within 
the bill of quantities" while keeping the total tender sum the same by 
reducing others, This action is known as 'rate-loading', Rate loading 
may be performed on individual bill items or complete classes of work, 
The cash flow for the project will be affected but not the competitiveness 
of the tender, An example calculation is shown below, 
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APPENDIX (G) 
TENDER ADJUST~lliNTS 
~PljEl Consider the following Bill of Quantities: 
ITEM DESCRIPTION OF WORK UNIT QTY RATE AMOUNT 
A Class F3 'Formwork' 2 8 16.23 129.84 m 
.B High Tensile Rebar TNNE 28.39 273.27 7758.13 
20 mm dia. 
C Excavate Unsuitable 3 40 6.77 270.80 m 
Material 
D I nsi tu Concrete 2 20 80.86 1617.20 m 
Class E 
E Two coats tar sprayed 2 303 1.75 530.25 m 
or brushed on water-
proofing 
TOTAL TENDER SUM 10306.22 
It is decided to increase the rate for the bill item D by 20 percent 
and adjust the other bill items accordingly to keep the total tender sum 
the same. 
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Bill item D is increased by 20% 
ie. item rate (D) = 97.03 
item amount (D) = 1940.64 
Increase in total tender sum = 1940.64 - 1617.20 
2 323.44 
Difference" CHANGE IN ITEM D 
total tender sum - original item 
amount (D) 
= 323.44 
8689.02 
= 0.0372 
1 - Difference" 0.9627 
This then becomes the multiplier f~r all bill items except 
item D, ie • 
. 
Item A = 129.84 x 0.9627 = 124.99 
Item B = 7758.13 x 0.9627 = 7468.75 
Item C = 270.80 x 0.9627 = 260.70 
Item E " 530.25 x 0.9627 = 510.23 
The item rates become: 
Item A 15.62 • 
Item B 263.08 
Item C 6.52 
Item E 1.68 
and the re-adjusted bill becomes: 
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ITEM DESCRIPTION OF WORK lr.'IIT QTY RATE AMOUNT 
-
---
A Class F3 'Formwork' m 2 8 15,62 124,96 
B High Tensile Rebar TNNE 28,39 263,15 7470,78 
20 mm dia, 
C Excavate Unsuitable 3 .. 40 6,52 260,80 
Material 
D Insitu Concrete 3 20 97,03 ),940,04 .. 
Class E 
E Two coats tar sprayed or 2 303 1,68 509,04 .. 
brushed on waterproofing 
TOTAL TENDER SUM 10306,14 
In this example a minor adjustment has been made to item B 
to bring the bill total back to £10306, 
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APPENDIX (K) 
NOTES ON FIGURES Ir.{ CHAPTER (7) 
NOTgS ON FIGURES (33) TO (45), CHAPTER (7): 
1. All graphs and figures are bas~d o~ ~~ta extracted from Ref. 
(117) and (118). 
2. Information for 1982 onwards based ~n t~e definition of the 
construction industry as given in t~e reviewed 1980 standard 
industrial classification, previo~s years based on 1968 
standard industrial classification. 
3. Information relates to the number of firms; employment and 
work done by firms on the department's register. 
4. For output and demand indices are at 1980 prices and figures 
for last quarter of 1985 are provisional. 
5. Output by contractors, including estimates of unrecorded 
output by small firms and self-employed workers, and output 
by public sector direct labour dep.rtments. Classified to 
construction in the 1980 standard industrial classification. 
6. New orders obtained by 
construction in the 1980 
classification. 
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contractors classified to 
revised standard industrial 
APPENDIX (L) 
NorATION 
Th~ iollowlng symbols ar& us~d in Chapter (10): 
Aa = actual all-In labour· r'ate (!/hour/labour~r. 
or' gang) 
tr·adesmen. 
He = estimated all-in labour rate (!/hour/ laboure~tradesman. 
or gang) 
Cc = the change In the estimated labour cost for an Item oi 
Ccn = 
= 
worK: expr·es-s;.ed as a p~rcentage of the or i gi nal labour' 
cost estimate of HI~ I tern. 
the change in the est imated total labour 
item (n): ~xpressed as a perc~ntage of 
total I abour· costs ~st Imat~. 
costs for th~ 
th~ original 
the overall change in the estimated total labour 
+01" a pr'oject (P) contal n i ng (n) i t~ms of 
expre-s;.se-d as a per'c~ntage of th~ or i gi nal tc.tal 
costs ~st imate. 
costs 
wClr·k. 
labour 
Ce- = ~stimated labour cost of an Item of work (pound) 
C'e = the modified estimated labour cost of an item 
C~rl = th~ est imated labour cc.st for' th~ i t~m (n). 
C'en = the modified estimated labour cost for the item (i), 
Ci = 
= 
the 
for 
the 
inaccuracy in the ~stimated labour dir~ct cost 
an it~m of work: expressed as a percentage of 
modified estimated labour costs of th~ Ite-m. 
the level of inaccuracy in the estimated labour 
for the ite-m (n): expressed as a p~rcentag~ of 
modified labour cost for the it~m (n). 
cost 
the 
Cion = the level of inaccuracy in the estimated total labour 
costs for a project (p) containing (n) items of 
work: expressed as a percentage of the modified 
estimated total labour costs of the project (p). 
n = tot a I numb~r of worK items in a proj ec t (P) • 
Pa = ac t u a I labour produc t i vi ty rat~ (unit/hour/labourer. 
tradesman. or gang) 
Pe = est imated product i v i ty rate (unit/hour/labourer, 
tradesman. or ganQ) 
Qa = actual quanti ty (un i t) 
Qe = est imated quantity (unit) 
321 
The following symbols are used in Chapter (11): 
± A = average estimating inaccuracy limits around likely costs (C) and 
expressed as a fraction of (C) 
al = lower limit of range of uniformly distributed possible estimated costs 
a2 = upper limit of range of uniformly distributed possible estimated costs 
AMLC = average margin lost in competition 
AAMV = average achieved mark-up 
± B = average applied mark-up variation around the average applied 
mark-up (P) and expressed as a fraction of (P) 
bl = lower limit of range of uniformly distributed applied mark-ups 
b2 = upper limit of range of uniformly distributed applied mark-ups 
C = average likely costs 
E.I. = estima ling inaccuracy 
E(L) = expected value of lower bid 
M = average likely mean bid 
M.V. = mark-up 
M.V.V. = mark-up variability 
n = number of competitors for a given job 
P(L) = probability density function of lowest bid 
P = average applied mark-up 
Xl = lower limit of range of uniformly distributed bids 
X2 = upper limit of range of uniformly distributed bids 
x = value of any bid between Xl and X2 
Y = ratio between the expected value of winning bid E(L) and the likely 
cost (C) 
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